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ABSTRACT 
Magnetospheric particles are precipitated at low altitude all 
over the globe. The study of the physics of the equatorial global 
zone is important for geospace environment modeling, for knowing the 
loss processes of radiation belt particles and for the Space Station 
Project. 
The equatorial global zone was investigated by the Phoenix-1 
experiment on board the Air Force S81-1 mission in May through 
November, 1982. It is found that the global profile of the peak flux 
of quasi-trapped protons follows the line of minimum magnetic field 
strength, with a FWHM of ~ 13° in latitude. The pitch angle 
distribution anisotropy index is found to be 19 ± 2, and the protons 
show no statistically significant longitude dependence. 
Contrary to an earlier observation (Moritz, 1972), we find a 
strong altitude dependence. Within the altitude range of observation 
(~ 160-285 km) the proton flux varies as the fifth power of altitude. 
The presence of this altitude gradient indicates a strong depletion of 
source neutrals, coupled with charge exchange loss and ionization loss 
of protons. 
By fitting a power law to the flux values of the previous 
observations, the energy spectral index of -2.55 + 0.11 has been 
found. From this power law the mean energy of the protons observed by 
Phoenix-1 would be 1.3 MeV. For comparison of the observed proton 
xvii i 
population with the earlier observation, the response functions of 
both instruments — the monitor telescope on the S81-1 mission, and 
the El-92 particle telescope on the Azur mission (Moritz, 1972) — 
have been calculated as a function of the satellite orbital parameters 
and instrument geometry, botn in the dipole and real magnetic field 
models. The comparison of proton population been done in both the 
undepleted and depleted source models. The undepleted source model 
(altitude dependent power law valid up to 450 km) predicts a 
population enhancement by an order of magnitude, while the depleted 
source model (altitude dependece turns over beyond 300 km) predicts an 
enhancement by ~ 1.5, both indicating a possible temporal variation of 
the flux. The enhanced flux could be due either to a possible local 
time effect in which case the night time flux exceeds the daytime 
flux, or to different solar conditions which cause an increased 
generation of energetic neutral hydrogen during solar maximum 





A. Background Information 
Magnetospheric physics began with the discovery of the Earth's 
radiation belts by Professor Van Allen in 1957 in the first U. S. 
artificial satellite, Explorer I. Since this beginning, 
magnetospheric physics has undergone a successful stage of discovery 
and exploration. Magnetospheric scientists are now making 
quantitative studies of the dynamics of magnetized plasma — a common 
environment spread throughout the universe — at the sun, certain 
planets, pulsars, and some radio galaxies. 
A.l. Importance of Magnetospheric Research 
It is worth commenting here on the scientific interest in 
studying the magnetosphere and magnetospheric interactions in the 
geoenvironment. The magnetosphere lets us observe fundamental plasma 
processes that are known to occur on a large scale in solar flares and 
other stellar surface phenomena, in galactic magnetic fields and radio 
clouds, and in the atmospheres of neutron stars. Plasma experiments 
in the laboratory or in the magnetosphere can help us understand 
distant astrophysical regions. With the advent of the space age, in 
situ measurements from spacecraft in the magnetospheres give us 
1 
2 
important information about galactic, cosmogenic, and cosmological 
conditions. 
Insights gained from terrestrial magnetospheric studies are 
useful in the exploration of the radiation environment of other 
planets. Plasma physicists use the experience gained in studying the 
interaction between the solar wind and the magnetophere to study the 
limits on particle confinement in a trapping magnetic field and 
collisionless shock processes. 
In the geoenvironment, it is the magnetosphere that protects us 
from a direct collision with the solar wind and shields the 
stratosphere at low and middle latitudes from the occasional deadly 
doses of proton fluxes emitted in intense solar flares. On the other 
hand, the magnetospheric radiation belts impose serious limitations on 
the safe lifetime for manned space missions. During geomagnetic 
storms, enhanced ionization at lower latitudes caused by 
magnetospheric processes, can impair shortwave radio communication 
systems (Roederer, 1970). Overloaded networks of electric power lines 
are sometimes seriously affected because of storm-associated magnetic 
field fluctuations on the Earth's surface. Density changes in the 
upper atmosphere by magnetospheric processes can risk the orbital 
stability of low-perigee satellites. Thus, the importance of the 
study of the magnetosphere lies in its being an integral part of our 
geoenvironment. 
3 
A.2. The Earth's Magnetosphere, Radiation Belts 
and Ring Current 
In this section we briefly mention the Earth's magnetosphere, 
radiation belts, and the ring current. Detailed description of these, 
including the topics of geomagnetic field, geomagnetic conditions, and 
the Earth's atmosphere are given in Appendix I. References will be 
made to the appendix at the appropriate points. 
The Earth's magnetosphere (vide Fig. 32, Appendix I.D) behaves 
like a cavity balancing the Earth's magnetic field against the 
impinging solar wind pressure. On the sunward side, it is 
approximately a hemi-ellipsoid. The impinging solar wind pressure 
"washes away" geomagnetic field lines in the antisolar direction for 
hundreds to thousands Earth's radii. Throughout the inner 
magnetosphere there exists a region of trapped particles called the 
radiation belts. The radiation belts extend from altitudes where 
atmospheric losses prevent particle drift (vide Appendix I.C.3) around 
the Earth to altitudes where magnetic field distortions prevent 
particle drift around the Earth. The radiation belts are divided into 
the inner (< 2Re) and the outer belts (> 2R e). Electrons and nuclei 
comprise the trapped particles, protons being the dominant constituent 
among the nuclei. 
Trapped particles perform a very complex motion (vide Fig. 30, 
Appendix I.C.), better described in a coordinate system known as B-L 
coordinates, in the Earth's magnetic field (vide Appendix I.A). In 
B-L coordinates, L represents the geocentric distance of the field 
line in the equatorial plane expressed in units of the Earth radius. 
4 
If r is the distance at which the field line cuts the equatorial 
plane, then L = rQ/Re. B represents the magnetic field strength 
along the field line. Increasing L means moving radially away in the 
equatorial plane, and increasing B means away from the equatorial 
plane toward higher latitudes. An L-shell is produced by rotating the 
field line of parameter L around the dipole axis. The trapped 
particles undergo cyclotron motion along a line of force, bounce back 
and forth between two mirror points determined by magnetic fields at 
the end points of the cyclotron trajectory, and finally drift around 
the Earth on different L shells. Particles drifting around the Earth 
constitute the ring current which is described in Appendix I.E. The 
world-wide drop of the horizontal component of the Earth's magnetic 
field during geomagnetic storms, illustrated in Fig. 29 in Appendix 
I.B., is thought to be due to this ring current. 
A.3. Global Zones of Particle Precipitation 
Ring current/radiation belt particles are lost mainly through 
charge exchange interaction with the geocoronal (vide Appendix I.E.2) 
thermal neutral hydrogen and are precipitated all over the globe. The 
world-wide precipitation zones are: (i) the equatorial zone, (ii) the 
low-latitude zone, (iii) the mid-latitude zone, and (iv) the auroral 
zone (Fig. 1). The principal characteristics of the low altitude 
nighttime precipitation zones during moderately disturbed geomagnetic 
conditions (vide Appendix I.B.), as inferred from low energy particle 
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The equatorial zone: This zone is centered over the 
geomagnetic equator, and extends to ±20° from the geomagnetic 
equator. This zone is populated by hydrogen and helium (both neutrals 
and ions). The low altitude limit of this zone is 170 km. The origin 
of this zone is the charge exchange process of hydrogen and helium 
with the ring current source. 
The low-latitude zone: This zone is centered at L = 1.4 (vide 
Eq. (I.A.21) in Appendix I.A for the invariant latitude corresponding 
to a given L) and extends to ±15° from the ends of the equatorial 
zone. The particles populating this zone are mainly electrons of 
E < 20 keV. The cut-off altitude is 100 km. 
The South Atlantic Anomaly (SAA) falls in the low-latitude 
zone. This particular zone attracts special attention because of its 
different characteristics. The SAA is maximum at L = 1.4. Ions, 
neutrals and electrons populate this zone. The low altitude limit of 
the SAA is 70 km. 
The mid-latitude zone: This zone is centered at L = 2.6. In 
the Northern Hemisphere this zone extends to +10° beyond the low-
latitude boundary. In the southern Hemisphere 1t extends -10° beyond 
the southern boundary of the low-latitude zone. Both ions and 
neutrals with energies 10 < E < 100 keV were studied in this zone. 
The lower limit of this zone is 130 km. 
The auroral zone: Both protons and electrons precipitate in 
the auroral zone. The proton auroral zone is centered at L = 4, and 
the electron auroral zone is centered at L = 5. The energy range of 
the precipitating particles studied was 1 - 100 keV. The width of the 
7 
auroral zone is +10°. The low altitude cut-off of this zone is ~ 70 
km. 
A.4. Previous Observations of the Equatorial Zone 
This thesis focusses on the equatorial global zone. Several 
observations have been made about this low altitude particle 
precipitation zone. Heikkila (1971) reported observing low-energy 
electrons and ions near the equator. Heikkila's observation included 
electrons and protons in the energy range 10 to 10,000 eV per unit 
charge, obtained by means of the soft particle spectrometer on the 
Isis 1 satellite. The pitch angle distribution of particles was 
highly anistropic. The flux of electrons with pitch angle a = 90° 
q p I ? 1 
reached 5 x 10' (cnr - sr - s) carrying 10 ergs (cnr - sr - s) . 
The corresponding number for protons was ~ 1 order of magnitude 
lower. Heikkila suggested the source to be the inner Van Allen belt. 
A considerable flux of the order of 7 particles (cnr - sr - s)~ 
in the energy range 0.5 > E > 1.5 MeV and magnetic field range 
0.2 < B < 0.3 Gauss and L range 1.0 to 1.15 was observed in the 
vicinity of the magnetic equator with the EI-88 particle telescope on 
board the German satellite Azur in 1969 (Hovestadt et al., 1972). The 
measurement period of Azur was November 10 to December 10, 1969. The 
particles, which were probably protons, showed a narrow distribution 
around 90° pitch angle. Hovestadt et al. (1972) thought that the 
particles were injected at several hundred kilometers altitude by a 
yet unknown mechanism. 
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Moritz (1972) with a solid state detector on board the same 
German satellite Azur, observed protons at a counting rate of 70 to 
200 (cm2 - sr - s)" 1 in the energy range 0.25 to 1.65 MeV at the 
equatorial latitudes below the radiation belt. The particles were 
narrowly confined in the region B ~ B with no statistically 
significant longitude, altitude (400 to 1000 km) and L (0.99 to 1.14) 
dependence. Moritz's observation time spanned over November 10 to 
December 5, 1969. Azur did not have global coverage. 
Mizera and Blake (1973) found variable intensities of 
geomagnetically trapped protons with energies 12.4 to 500 keV during 
times covering the magnetic storms in March, 1969 on satellite 0V1-
17. The proton fluxes were measured in the L range 1.0 to 1.1 near 
the geomagnetic equator and at local midnight. The storm time 
increase in the proton flux was by a factor of 12.5 in the energy 
range 32 to 90 keV, and by a factor of 3 for energy > 200 keV. 
Butenko et al. (1975) measured proton currents with energy 
between 70 to 500 keV in the equatorial region at low L under both 
magnetically disturbed and quiet conditions from the satellite Kosmos 
- 484, launched in April 1972. 
Scholer et al. (1975) observed protons of energy 0.2 to 0.6 MeV 
in the L range 1.0 to 1.12 around the geomagnetic equator on Esro - 4, 
a spin-stabilized spacecarft with a 91° inclination orbit, and a 245-
km perigee and a 1175-km apogee. They also observed alpha particles 
of energy 2.5 to 8 MeV mirroring at the equator. 
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Meier and Weller (1975) observed emission of extreme 
ultraviolet in the 170 - 400 A spectral range, a region of resonance 
emission of helium ions. The emission peaks were aligned with the 
magnetic dip equator. The emission bands were explained to be 
produced by neutral or singly ionized helium precipitated in the 
atmosphere from the ring current alpha particles through charge 
exchange process. 
The last investigators in the list of researchers for the low 
altitude belt are Voss et al. (1984), who in a companion experiment on 
the S81-1 mission observed an equatorial ion flux of ~ 1 x 10 - 1 x 10' 
p 1 
(cnr - sr - s) for E > 45 keV. Their experiment did not distinguish 
equatorial proton from alpha particles. 
Thus, the low-altitude equatorial zone has been an issue of 
investigation for years to find the flux of precipitating ions, their 
variability with geomagnetic conditions, and the atmospheric emission 
produced by them, in short-time measurements. 
A.5. Particle Precipitation Model 
The process thought to be responsible for the presence of 
energetic protons at several hundred kilometers altitude, below the 
radiation belts, is charge exchange of ring current protons (vide 
Appendix I.D) with exospheric hydrogen. In this process trapped outer 
belt protons capture electrons from the thermal neutral hydrogen atoms 
in the exosphere, producing energetic neutrals which leave the source 
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region in the direction of the proton's velocity vector at the time of 
neutralization. A fraction of these neutrals are directed toward the 
Earth and enter the atmosphere. At low altitude they are stripped of 
their electrons by collisions with the atmosphere, and the ions so 
generated become trapped, temporarily in the Earth's magnetic field 
forming a low altitude "belt" (Hovestadt et al., 1972; Moritz, 1972; 
Mizera and Blake, 1973; Scholer et al., 1975). The spatial behavior 
and temporal behavior of these quasi-trapped particles reflects the 
state of the upper regions of the magnetosphere, the ring current, and 
the condition in the exosphere. 
We leave the quantitative discussion on the precipitation model 
for Chapter IV. 
A.6. Objective of the Present Work 
The objective of the present work is to explore the 
uninvestigated problems of the low altitude proton belt in order to 
have a better understanding of it, particularly in the interest of the 
Space Station Project. 
Problems that had not been investigated were the global 
existence of the equatorial belt, any local time effect, any kind of 
long-term variation, and the problems investigated by Moritz (1972) 
viz. altitude and longitude dependence, in the altitude range below 
400 km to the cut-off altitude at which the proton flux ceases to 
exist. 
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The previous observations were limited over certain 
localities. A global survey of this low-altitude proton belt was 
never done and such a survey has been carried out here. 
Moritz (1972) reported an insignificant altitude dependence of 
the proton flux in this zone in the altitude range of ~ 400 - 1000 km. 
Since the atmospheric density increases exponentially with decreasing 
altitude, the quasi-trapped protons are expected to show some altitude 
gradient over a range of altitude down to the lower limit of this 
zone. However, no investigation had been done to detect this altitude 
gradient. 
Atmospheric density undergoes diurnal variation with 
temperature. The quasitrapped proton flux is expected to respond to 
this diurnal variation of atmospheric density. No one so far had 
observed this effect nor developed a model to predict quantitatively 
day-night changes in proton flux. 
The initial observations date back to the later part of 1969 
(Moritz, 1972), when the sun was passing through a weak maxima (Fig. 
2). An investigation of the quasi-trapped proton flux under different 
solar conditions could, possibly, detect variation of the quasi-
trapped proton population with solar conditions. Since the production 
and loss of quasi-trapped protons are atmospheric density dependent, 
which in turn is greatly modulated by the solar conditions, quasi-
trapped protons are expected to respond to solar conditions. 
The need to study solar-induced variability of the "weather and 
climate" of geospace 1s emphasized in the two glaring examples of the 
unexpected degradation of the orbit of the Skylab due to unusual 
12 






heating of the upper atmosphere, and the demise of GE0S-5, probably, 
due to a strong injection of energetic electrons from the outer 
magnetosphere (Reiff, 1988). 
A.7. Investigation by the Phoenix-1 Experiment 
A study of the equatorial zone of particle precipitation has 
been made based on the data obtained from the Phoenix-1 experiment on 
board the Air Force mission S81-1. The altitude range of the 
spacecraft was 165-285 km over the equator. The active lifetime of 
the spacecraft was May-December of 1982. The instrument on board the 
satellite returned three counting rates ~ ML, MM, and MH, which 
correspond to three discriminator settings. ML responded to the 
protons in the energy range 0.6 - 9.1 MeV, to alpha particles in the 
energy range - 0.4 - 80 MeV/n and to Z > 3 particles (12C) of 
energy > 0.7 MeV/n. MM responded to alpha particles in the energy 
IP 
range 0.8 - 4.5 MeV/n and to Z > 3 ( C) in the energy range ~ 0.5 -
80 MeV/n. MH responded to Z > 3 particles in the energy range 1.2 -
IP 
11 MeV/n ( C). In a particle population of proton intensity » alpha 
particle intensity » heavy ion intensity, the three rates — ML, MM, 
and MH — measure mainly protons, alpha particles and heavy ions 
respectively. The MM and MH rates were consistent with the 
instrumental background. The MM/ML and MH/ML ratios, for the entire 
equatorial zone, were ~ 10"3 and 10 respectively. This indicates 
that there are, essentially, no helium or heavier ions at the energies 
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observable by the instrument. Further, the background cosmic ray 
intensity is insignificant for all these rates. 
A study of the spatial distribution of the proton population 
shows that the peak proton flux occurs along the minimum magnetic 
field equator. The distribution of equatorial pitch angle a , which 
is of the form s i n V , shows the pitch angle anisotropy index q - 19, 
e 
indicating that the distribution is sharply peaked at o = 90°. The 
FWHM of the proton zone is ~ 13°, which is a reflection of the pitch 
angle anisotropy index. 
The peak proton flux shows insignificant longitude variation, 
because of the local density dependent lifetime which does not allow 
appreciable longitude drift. The mean energy of the proton population 
is found to be 1.3 MeV. The spectral index of an assumed power law 
energy spectrum above 450 km is -2.55. 
A model has been developed to explain the observed altitude 
variation of the proton flux. The proton flux varies as the fifth 
power of altitude within the observational range of 165 to 275 km. 
The observed altitude variation of protons is a combined effect of 
source attenuation, charge exchange, ionization losses of protons and 
the increased trapping capacity of the dipole field with altitude. 
Below ~ 400 km, all three processes cause substantial loss of proton 
flux. The model also successfully explains the altitude Independence 
of proton flux above 450 km observed in an earlier mission. Further, 
the model predicts that under the assumption of the same source 
strength, the maximum diurnal variation of proton fluxes due to 
changes in atmospheric density can be a factor of ~ 1.5, with the 
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night time flux more than the day time flux. 
A detailed calculation of the efficiency of the instrument has 
been made as a function of the detector geometry and the satellite 
orbital parameters both in the dipole and real geomagnetic field 
models. In the dipole field, the efficiency depends on latitude, 
orbital inclination and tilt angle of the telescope axis. The peak 
efficiency occurs at a = 90° at the equator. In the real field the 
efficiency peaks at a ~ 92° at Bm^n positions. One other difference 
of the efficiency function in the real field from the efficiency 
function in the dipole field is that, away from the B m i n position the 
efficiency depends slightly on the longitude. The efficiency 
calculation has been successfully applied to other instruments. The 
result of the calculation shows that the efficiency function evaluated 
for a dipole field at the geomagnetic equator, can be used for a real 
geomagnetic field at the minimum magnetic field equator. 
A relation has been deduced between the particular counting 
rate of the detector, the measured flux for magnetospheric particles, 
the pitch angle distribution function of the particles and the 
instrumental efficiency. Further, the result shows how to make the 
correct comparison of particle fluxes measured by two different 
detectors. This method of comparison is successful 1n the case of 
detecting any temporal variation of magnetospheric particle 
population. It is found, that the peak flux is a weak function of q 
varying by a factor of 1 to 1.5 in the range q = 5-35. 
The source depletion model of altitude variation gives, 
at ~ 450 km, ~ 1.5 times the proton flux observed in 1969. The 
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enhanced flux indicates a temporal variation of the proton 
population. The enhancement could be due to local solar time or to 
different solar conditions, or both. 
Calculation shows that the ring current source is strong enough 
to sustain the quasi trapped proton "belt". 
A.8. Implication of the Results 
The results of the projected work outlined in the above section 
will benefit the magnetospheric physicists by providing them more 
knowledge about the source and loss mechanisms for radiation belt 
particles through detailed measurements of the flux profiles at low 
altitudes, where the prominent loss mechanism 1s due to atmospheric 
interactions. 
The solar-induced variability of the proton belt establishes a 
new solar-terrestrial relation, which can be further pursued by the 
scientists concerned. 
Solar-Terrestrial Research (STR) scientists have a grand plan 
of geospace environment modeling (Reiff, 1988). Preparation of a 
model of the sources and the sinks of magnetospheric particles of all 
energies is a part of their plan to study the "weather and climate" of 
geoenvironment. The present work furnishes them a model of the source 
and the sink of a certain species of magnetospheric particles of 
certain energies. 
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The Phoenix-1 experiment provides valuable information for the 
Space Station Project. According to NASA's plan, the Space Station, 
which will serve as an in-orbit multi-facility laboratory for basic 
research and an observatory to look down at the Earth or look up at 
the sky, will be located at an altitude of ~ 450 km and will have an 
orbital inclination of ~ 28.5° (NASA, 1986). So, the orbital 
characteristics will keep the Space Station always under the low 
altitude ionizing proton belt. The Space Station will also include an 
unmanned free-flying platform in polar inclination called Polar 
Orbiting Platform (POP). The POP (NASA, 1988) will accommodate 
various payloads mainly for Earth observation, and carry payloads for 
Earth and solar observations, plasma physics, remote measurements, and 
monitoring environmental effects. The POP will pass through the 
ionizing proton environment twice during an orbital revolution. It is 
important that the instruments to be designed function within the 
specification during and after the radiation exposure to the total 
proton environment for a five year life. The Phoenix-1 experiment 
provides information about the low energy protons for total ionizing 
dose threats to be considered in the design of the Instrument. 
Further, the experimental result carries the warning of enhanced 
proton population during the period of solar maximum condition for the 
Space Station builders. 
Finally, the new results of the investigation by the Phoenix-1 
experiment brings important information for SDIO, and for future 
commercial users of space. 
CHAPTER II 
SATELLITE AND INSTRUMENTS 
A. Satellite 
The Phoenix-1 Instrument for the ONR-602 experiment was built 
by Professor John Simpson and his collaborators in the Laboratory for 
Astrophysics and Space Research at the University of Chicago. The 
purpose of the experiment was to determine the flux of energetic 
particles, trapped or quasi-trapped in the Earth's magnetosphere, and 
to study solar flare particle emission. The experiment was on board 
the Air Force Mission S81-1, which was a low-altitude, three-axis 
stabilized vehicle in nearly polar orbit ( ~ 85.5° inclined with the 
equatorial plane). Over the equator the spacecraft altitude lies in 
the range ~ 165 - 285 km. The active lifetime of the mission was May 
through November, 1982. The orbital plane was - 10:30 - 22:30 local 
time, with an orbital period of 90 minutes. 
The detector system used on the ONR-602 pallet mission 
consisted of two particle telescopes, called the main telescope and 
the monitor telescope. The main telescope performed Pulse-Height 
Analysis (PHA) to determine the charge, mass and energy of the events 
1n solar flares, and returned detector coincidence counting rates and 
detector singles counting rates. Detector coincidence counting rates 
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are formed by various logical combinations of the detectors. Detector 
singles counting rates are simply individual detector's counting 
rates. The main telescope data have not been used in this work, and 
so, no more detail about the main telescope is relevant in this 
context. 
B. Instrument 
The subject matter of this thesis concerns the data received by 
the monitor telescope, which was designed to monitor the low energy 
particles, and returns only counting rates. The monitor telescope 
consists of a thin solid state detector (totally depleted), enclosed 
in a passive shield of Mg with an entrance window of 1.85 y Ti. The 
thickness of the detector is 40 y. Fig. 3 shows a schematic diagram 
of the monitor telescope. The passive shielding cuts protons of 
p 
energy < 45 MeV. The geometrical factor of the instrument is 0.49 cnr 
- sr. The monitor returns three counting rates, which are simply the 
three discriminator triggering rates. These are ML, MM, and MH. Each 
counting rate was accumulated for 4.096 seconds before being read Into 
the telemetry stream. 
B.l. Rate Thresholds 
For illustration, Fig. 4 shows the energy lost in the telescope 
by different particles as a function of their incident energy, with 
the threshold values for the discriminator settings indicated. The 
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the window, and energy loss is the energy deposited in the silicon 
detector. The figure has been drawn with energy deposition data for 
protons in titanium and Si (Janni, 1966). The given data were 
interpolated linearly so as to find the energy loss and range of 
protons in Ti and Si at intervals of 0.10 MeV. First the energy 
deposition in the window material was calculated. Energy of protons 
incident on the detector is equal to incident energy minus the energy 
lost in the window material. At normal incidence, up to ~ 0.2 MeV 
protons are absorbed in the window, and at e = 37.7° incidence, 
protons of ~ 0.3 MeV are absorbed in the window. Protons of incident 
energy up to ~ 1.8 MeV (in which case they carry ~ 1.72 MeV and -1.70 
MeV for e = 0 and e = 37.7°, respectively because of 0.08 MeV energy 
loss for e = 0° and 0.10 MeV energy loss for e = 37.7° in the window) 
are absorbed in the detector. 
The energy loss figures were obtained by multiplying the energy 
loss per unit length by the range in the material at the given energy, 
if the range in the material was smaller than the path length in the 
detector. On the other hand, if the range in the material was greater 
than the path length in the detector, the energy loss per unit length 
was multiplied by the path length in the detector. The knee in the 
energy loss curve appears because of the sudden drop in energy 
deposition associated with a range longer than the path length in the 
detector. At the turning point, a proton of 1.8 MeV can deposit 1.72 
MeV at normal incidence and 1.70 MeV at oblique (e = 37.7°) incidence, 
whereas at the knee position a proton of 1.85 MeV, because of its 
range greater than its path length in Si, deposits ~ 1.11 MeV at 
23 
normal incidence and ~ 1.40 at oblique incidence. 
4 1? 
The curves for He and iCC were prepared from the curve for 
protons using the following relations 
<ai>z , i • z 2 <§>z = i ( " - B - 1 ) 
and E/A = E E = E 
Rz , ! (E/A = Ep) = ̂  Rp(Ep) (H.B.2) 
Eq. (II.B.l) implies that if Z > 2 particle with kinetic energy per 
nucleon (E/A MeV/nucleon) passes through a medium, the energy 
p 
deposition will be Z times the energy deposition of a proton with Ep 






times the range of a proton of energy Ep. 
Table I shows the thresholds of the discriminators, the main 
particle species and energy ranges for ML, MM, and MH. The monitor 
telescope cannot distinguish between particles of different charges, 
if one species deposits energy greater than the threshold of the 
other. Fig. 4 shows that ML can be triggered by Z > 1 particles, MM 
can be triggered by Z > 2 particles, and MH by Z > 2 particles. 
Calculation shows that ML responds to protons in the energy range 
0.6 - 9.1 MeV, to alpha particles in the energy interval ~ 0.4 -
80 MeV/n and Z > 3 particles (12C) of energy > 0.7 MeV/n. MM responds 
to alpha particles in the energy range 0.8 to 4.5 MeV/n and 
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Z > 3 particles (12C) in the energy range - 0 . 5 - 8 0 MeV/n. Thus, if 
a heavy particle deposits energy less than the MH discriminator 
threshold such that both ML and MM are triggered, the particle 
identity will also remain unresolved. 
Table I 
Main Threshold Energy 
Counting Rate Particle (MeV) (MeV)/nuc1eon 
ML P 0.36 0.6 - 9.1 
MM He 10 2.80 0.8 - 4.5 
MH Hi-Z(^C) 10.50 1.11 - 11 
The other heavy particles which can trigger the ML rates are 
shown in Table II, along with their energy ranges. However, their 
abundances are very low. For a particle population in which the 
intensities are p » He » heavy ions, the three rates measure, 




Z = 3 0.34 - 130 
Z = 4 0.40 - 360 
Z = 5 0.53 - 1000 
C. Sources of Background Counts 
Sources of background counts can be the high energy cosmic rays 
and their products produced by nuclear interactions in the atmosphere. 
25 
High energy cosmic ray particles can contribute to count rates of all 
the three discriminators. The number of GeV range cosmic ray 
particles among the dominant species i.e., H, C, and Fe nuclei which 
can trigger the discriminators have been calculated (Appendix II.A). 
The numbers are applicable at the geomagnetic equator, since only the 
measurement at the equator is of concern in the present work. It is 
found that the data is free from cosmic ray contamination. 
The other source is the instrumental background counts. We 
shall evaluate the instrumental background in Chapter III. 
D. Pitch Angle Range of Particles 
The monitor telescope has the capability of detecting particles 
over a very wide range in pitch angle. At the geomagnetic equator, 
the telescope opening angle allows particles of equatorial pitch 
angles in the range 52 to 137° to hit the detector, if the telescope 
axis is pointing vertically upward and if the orbit is along a dipole 
line of force. In actual case, the geometry is a bit complex because 
the telescope axis neither points in the local vertical direction nor 
is the orbit aligned with the field lines. 
The inclination of the telescope axis with the local vertical 
direction comes from its attachment to the spacecraft frame. The 
telescope is fixed to the spacecraft frame in such a way that the 
telescope axis makes an angle of ~ 2.35° with the local vertical 
direction. The direction of this tilt is such that if an observer is 
facing along the direction of flight, the tilt is to the right of the 
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observer. 
The satellite's location is given in an Earth-centered inertia! 
frame in which X-axis points in the direction of the first point of 
Aries (vernal equinox) and lies in the equatorial and ecliptic planes, 
the Z-axis is coincident with the Earth's rotational axis and is 
positive towards the North, and Y-axis lies in the equatorial plane. 
In this system, declination is the angle between the radius vector R 
and the equatorial plane (positive toward the North), and right 
ascension is the angle between the projection of the radius vector R 
onto the equatorial and the vernal equinox (positive towards the 
East). 
The inertia! coordinates used in satellite tracking can be 
transformed to geographic coordinates and then to geomagnetic 
coordinates, defined in Appendix I.A. Because of the nonalignment of 
the geomagnetic and geographic coordinate systems, the satellite 
orbital inclination in geomagnetic coordinate system will be different 
from the orbital incinlation of 85.5° in geographic system. Actually, 
in geomagnetic coordinate system the angle of inclination varies in 
the range of - 80 to 100°, because of the precession of the 
geomagnetic poles around the geographic poles associated with the 
Earth's motion. 
A detailed study has been made to find the variation in the 
range of equatorial pitch angles of particles detected (vide Appendix 
II.B). It is found that at the equator, the angle of tilt ~ 2.35° of 
the telescope and the orbital inclination angle has insignificant 
effect upon the pitch angle range. 
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E. Efficiency Function and Particle Count Rate of Monitor Telescope 
The flux of magnetospheric particles is usually a function of 
energy (E), magnetic field (B), Mcllwain's parameter (L), pitch 
angle (a), latitude (x), longitude (<t>), and time (t). Since the pitch 
angle dependence is usually in the form of sin^a, which does not 
indicate equal number of particles from equal intervals of pitch 
angle, the calculation of flux j from counting rate N from the 
relation 
j = N/(Geometric Factor x AE) (II.E.l) 
is incorrect in the sense that j represents an isotropic flux in which 
N is independent of the direction of incidence, and depends only on 
the size of the solid angle of acceptance. In Eq. (II.E.l), the 
p 
geometric factor is in units of cnr - sr, and AE is the energy 
interval of the detector. Particle fluxes calculated using (II.E.l) 
from measurements of two different instruments, can not be compared 
correctly because the very calculation of flux is wrong. 
The observed counting rate of the monitor telescope for a 
magnetospheric particle population in the pitch angle range a-, 
to ap, and the energy range Ej to 1% during a readout time interval T 
1s given by the integral over the incoming particle direction r of the 
product of the particle flux j (E, B, L, o, x, <j>, t) with the detector 
area A exposed normal to the incident direction i.e., 
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R = T J"fi dt JV2 dE I d w J dA • ?(w) j(E,B,L,a,X,4.,t) . (II.E.2) 
1 U Ll Q A 
We assume that the most general expression for flux is the form 
j(E,B,L,a,x,4.,t) = Jn(B,L,x,<t.,t,q) • E"
b sinqa (II.E.3) 
where Jn is the normalization constant, which characterizes the actual 
particle population, sinqa is the pitch angle distribution, and E"b is 
the energy spectrum. Then the counting rate can be written as 
R = Jn(B,L,x,*,t,q) i J dt JV
2 E"b dE J*2 da J do, / dA-f(w) -sinqa 
n • 0 bl al a A 
(II.E.4) 
= Jn QG (II.E.5) 
where 
Q = I 2 E'b dE (II.E.6) 
and 
G = J 2 do J dm f dA • r (u) sinqa (II.E.7) 
al fi A 
The acceptance cone of the monitor telescope allows particles 
of a wide pitch angle spectrum to enter the detector. At any point in 
space the telescope is not equally efficient in detecting particles of 
all pitch angles. The relative efficiency of the detector for a given 
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pitch angle is defined as the fraction of the associated space angle 
intercepted by the telescope cone (see Fig. 49), duly weighted by the 
fraction of the total area which is perpendicular to the incoming 
particle beam. When integrated over the pitch angle distribution, the 
function G (II.E.6) is obtained. In Figure 49, OA is the axis of the 
pitch angle cone and OF is the axis of the telescope cone. The primed 
frame (X'Y'Z') is the pitch angle frame and the unprimed frame (XYZ) 
is the telescope cone frame. x'1' is the angle between the two axes 
of the cones. The telescope cone intercepts the arc CD of the pitch 
angle cone. 
The details of the efficiency calculation are presented in 
Appendix II.B, and only a brief description is given here. First, the 
entire detector area is divided into a number of equal elemental 
areas ( A A ) . The center point of each AA is taken as the 
repreentative point of that segment (see Figure 43). The response 
function for any pitch angle will be calculated at all of the 
representative points and then averaged over all of the segments. 
Next, coordinate transformations are used to define, in the 
telescope frame, the direction of the geomagnetic field. Then, a 
semi-analytic computer algorithm determines the points of intersection 
of the cones for discrete steps in pitch angle. Finally, the results 
must be integrated over the pitch angle distribution and averaged over 
the entire detector area. 
The dependence of detector "efficiency" upon the pitch angle, 
geomagnetic latitude, geomagnetic longitude, altitude, tilt angle of 
the telescope axis, and the spacecraft's orbital inclination, has been 
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studied in detail. The results are summarized below. 
(i) At the dipole equator, the peak efficiency occurs at 90° 
pitch angle. In the real geomagnetic field model, the average value 
of the pitch angle for maximum efficiency is ~ 92° at the minimum B 
equator. 
(ii) The efficiency depends strongly upon the latitude and is 
independent of longitude in a dipole field, but depends slightly on 
longitude in the real field. In either field model, the efficiency is 
independent of altitude. 
(iii) Both the angle of tilt and the orbital incination have 
little effect upon the efficiency. 
(iv) The efficiency function calculated at the dipole equator 
can be used at the minimum magnetic field equator with little error to 
analyze the equatorial proton population. 
F. Particle Flux 
Because of the wide aperture, the particle flux measured by the 
monitor detector is not unidirectional. However, the pitch angles of 
particles trapped or quasi-trapped in the dipole field in the altitude 
range of the mission, do not exceed the detector pitch angle range. 
Table III lists the equatorial pitch angle range of quasi-trapped 
particles in the altitude range 150 - 1000 km in the dipole field. 
The lower limit of the pitch angle range is set by the loss cone at 
that altitude (vide Eq. (I.CIO) in Appendix I.A). So, at the 
equator, the telescope pitch angle range is sufficiently wide to allow 
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all the quasi-trapped particles to eneter the detector, provided they 
satisfy the energy thresholds. The guiding field lines of - 1 MeV 
protons of ~ 90° equatorial pitch angles which hit the detector 
















































































G. ONR-602 Data and Data Coverage 
The ONR-602 data has undergone several stages of 
reduction/processing. Lockheed Palo Alto Laboratory undertook the 
task of digitizing the raw data from remote tracking stations, and of 
making it available to the experimenters. The University of Chicago 
was in charge of processing the ONR-602 data at the preliminary stage, 





















magnetic tapes and COALT magnetic tapes. The CHART tapes contain the 
ONR-602 instrument rate readouts, and the COALT tapes contain pulse 
height analysis data. Both types of tapes were generated on the 
Chicago Harris Computer, a 3 bytes per word machine. LSU was given 
copies of both kinds of tapes. At LSU, before the starting of the 
data analysis, algorithms were developed, tested, and applied to 
reformat the tape data for use in a DEC-11/23 laboratory data system, 
a two byte per word machine. Thus, the LSU versions of the CHART and 
COALT tapes were prepared. The instrument rate readouts are contained 
in six LSU CHART tapes. 
In nearly seven month's active lifetime, the S81-1 mission 
had ~ 3000 passes around the globe in polar orbits. These multiple 
passes meant statistically rich data acquisition, and offered a unique 
opportunity to investigate different global zones. For visual display 
of the data coverage, several coverage plots were produced for the ML 
rates. Fig. 5 is such a plot for ML (> 5 counts/readout) rate 
coverage in geographic coordinates. In the figure a dot represents a 
readout with ML > 5. The darker parts in the plot indicate more 
Intense particles than the lighter parts. The middle part of the plot 
shows relatively high concentration of ML rates near the equator, 
compared to the adjacent low latitude parts. Beyond the low latitude 
parts, ML rates extend up the auroral zones. Global plots nicely 
display the "hot spots". 
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Equatorial Zone Data: Removal of Contamination, 
Analysis, and Results 
In Chapter II the raw data CHART tapes were mentioned. In this 
chapter we discuss the preparation of a compressed data tape 
containing only the good quality data for the equatorial zone defined 
to be within ±30° geomagnetic latitudes. We then discuss the analysis 
of the data, including the instrumental background, and proceed to 
find the features of the quasi-trapped protons. Interpertation of the 
experimental results will be provided in Chapter IV. 
A. Preparation of Equatorial Zone Data Tape 
A.l. Checking for Quality of Data 
At the preliminary stage of data analysis, a thorough checking 
of CHART tape data was required to see both "what there is", and if 
the instrument performed as expected. Software was developed to 
decode CHART tape data in units of subcoms. Each subcom consists of 
16 successive readouts of the main and monitor telescope with each 
readout covering a fixed rate accumulation time of 4.096 sees. The 
subcom is headed by the geographic coordinates, B-L coordinates, 
azimuth angle, zenith angle, altitude, revolution number, the day of 
the year and the UT time. Several anomalies were found in the CHART 
34 
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tape data. These are: (i) negative B-L values, (ii) negative count 
rates, and (iii) out-of-range geographic coordinates. For convenience 
of work, it was required to prepare a compressed tape containing only 
good quality data of the part of the satellite orbits over the 
equatorial zone. In addition, for better understanding of the effect 
of the geomagnetic field upon the trapped or quasi-trapped particles, 
the subcom geographic coordinates had to be replaced by the 
geomagnetic coordinates. Software was developed, tested and applied 
in the coordinate transformation and in discarding the subcoms 
containing the bad data while rewriting the subcoms having the good 
quality data onto a "compressed" tape. 
The compressed tape still had some subcoms having out-of-range 
azimuth angles, which were not detected in the CHART tapes. Algorithm 
was developed to remove these suspicious subcoms. Further, there were 
subcoms in the tape containing occasional exceedingly high count rates 
(spikes) in ML, MM, and MH, and the subcoms contaminated by the 
influence of the SAA, mentioned in Chapter I. We first talk about how 
the SAA can contaminate our data. 
A.2. How SAA Contaminates Equatorial Zone Data 
In geographic coordinates, the central part and the 
surroundings of the SAA lie approximately between 28° S to 50° S 
latitude and 50° W to 15° E longitude which becomes the Brazilian east 
coast. In geomagnetic coordinates it lies approximately between 11° S 
to 28° S latitudes and 5° W to 35° E longitudes. We have discussed in 
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section I.A.4 of Appendix I.A how the observed low magnetic field can 
be explained in terms of the eccentric dipole model. The shifting of 
the dipole from the Earth's center causes closest approach to the 
Earth's surface of geomagnetic shells over South America and the South 
Atlantic. A further consequence is that, the mirror points of the 
radiation belt particles come closer to the Earth's surface over the 
anomaly region. In fact, the mirror points of the particles lying 
westward and eastward of the anomaly at an altitude of 320 km fall 
underground in the anomaly (Vernov et al., 1967). This short picture 
of the SAA tells us that in this region the particles are tied to low 
B and high L coordinates, and that the region falls within the 
equatorial zone, allowing the possibility of detecting radiation belt 
particles at the altitudes of the quasi-trapped particles being 
investigated here. 
A.3. Removal of Major SAA Influence 
A complete removal of the SAA influence was not possible in any 
way other than rejecting the data from a large geographic area. To 
keep the data loss a minimum, the intense portion of the SAA was 
identified and then this "hot spot" Including parts of its 
surroundings were removed using the appropriate algorithm. We have 
illustrated the identification of the central part of SAA through 
Figs. 6a, 6b, and 6c, which have been drawn for the thresholds of 
ML > 1, ML > 3, and ML > 5, respectively. In these pictures, a dot 
represents the location of a readout satisfying the given threshold. 
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Plots of higher thresholds, viz. Fig. 6c, shows distinctly the intense 
part of SAA. In the figures, "SAA Patch" marks the SAA portion. 
Similar plots were produced both in geomagnetic (Figs. 7a to 7c) and 
in B-L coordinates (Figs. 8a to 8c). Figs. 7a to 7c were produced to 
see where the SAA falls in geomagnetic coordinates. The plots in B-L 
space have been particularly useful in separating the SAA region. By 
trial, it was found that if subcom sequences were selected with L 
values less than or equal to 1.233803 and B values greater than or 
equal to 0.2126175 Gauss, the major SAA influence could be removed. 
A.4. Removal of Rate Spikes 
The readouts which caused rate spikes are marked in Figs. 8b 
and 8c. As shown in the figures, they fall on a straight line. They 
appear on an increasing B and increasing L line. Increasing B values 
occur away from the equator at higher latitudes, and increasing L 
values occur in radially outward direction. So, these readouts occur 
at higher L shells and at higher B values. Later, in a plot of 
geomagnetic coordinates it has been found that these readouts appear 
scattered near the boundary of the equatorial zone. To remove these 
readouts, histogram plots were prepared to show the frequency f of 
occurence of different rates per readout vs the rate R per readout 
(Fig. 9a-9c). It is found that the first zero frequency appears at 
R = 28 (Fig. 9c). After this R rises again. To a first 
approximation, 28 was taken as the highest ML count rate per readout 
in the equatorial zone. Any subcom containing R > 28, was removed 
from the compressed tape. 
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Plots were produced again both of the rejected SAA and the 
equatorial coverages to see if these plots add up to the combined 
plots of these regions, for the same threshold value of ML. Here we 
have shown only the plots of the equatorial zone. Figs. 10a, 10b, 10c 
are the plots in geographic coordinates. These may be compared with 
plots in Figs. 6a, 6b, and 6c to see the difference. Figs. 11a, lib, 
and lie are the plots in geomagnetic coordinates, which may be 
compared with the plots in Figs. 7a, 7b, and 7c. The unoccupied 
positions of rate spikes are not easily seen in Figs. 10 and 11, 
whereas those of the SAA are readily seen. Figs. 12a, 12b, and 12c 
are the plots of the equatorial zone in B-L space, which distinctly 
show the unoccupied positions of both the rate spikes and SAA. The 
way the separation of the SAA and the rate spites has been effected 
saves the equatorial zone from any strong influence of the SAA, and of 
abnormal rate spikes. 
A.5. Treatment of Data Gaps 
The last question to address in the removal of bad quality data 
is the data gaps. A satellite pass over the equator within ±30° 
geomagnetic latitudes has 16 subcoms. In the removal of bad quality 
data, subcom gaps were introduced in many of the satellite passes. 
Nothing could be done to fill up the gaps other than discarding the 
satellite passes for the final analysis of the data. The compressed 
tape contained only 137 full passes (each equatorial crossing has been 
termed a pass) with subcom numbers in the range 12 to 16 starting 
90e 
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from ~ -30° and ending - +30° geomagnetic latitudes. None of these 
passes had gaps in the middle. Fig. 13 shows a plot of 54 out of the 
137 passes in geomagnetic coordinate system. The gap in the longitude 
range 0 to 50° arises because of the removal of the deep SAA coverage 
part from the equatorial coverage. Passes in this longitude range 
have fewer than 12 subcoms. To study the features of the low altitude 
proton belt, we have mainly used the data contained 1n the 137 
passes. Only in the case of constructing the global profile of peak 
ML rates, we have used passes with 9 to 12 subcoms which did not have 
any gaps around the equator, to fill the part between 0° to 50° 
longitude range. 
The final version of the data used in the analysis pertained to 
quiet solar-geomagnetic conditions and mainly to nighttime 
observations. 
B. Data Analysis and Results 
This section is devoted to finding the features of the 
equatorial zone proton belt. Here we talk about the instrumental 
background, spatial distribution of proton flux, altitude dependence 
of proton flux, proton energy spectra, and finally the observation of 
Z > 2 particles. 
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B.l. Instrumental Background 
The background ML rate has been taken to be the ML rates 
detected on the outskirts of the equatorial region. The equatorial ML 
rates are superimposed on the background count rates which are always 
present. To determine the background rates, a spot was selected away 
from the equatorial zone. It was bounded by the geographic latitude 
-8° to -20° and geographic longitude 100° to 146°. The zone was 
crossed by 16 passes. The number of readouts and the total rates are 
summarized in Table IV. We want to express the background rates in # 
per readout per degree latitude. The table yields 1.681 protons per 






















































readout per 16 passes per 12° latitude. These numbers yield, on the 
average, 0.105 protons per readout per pass per 12° latitude, and less 
than 0.01 protons per readout per degree latitude per pass. 
B.2. Spatial Distribution of Proton Flux 
The equatorial zone was divided into 72 longitude bins 5° wide, 
and each of these longitude bins was divided into 60 latitude bins 1° 
wide. So, in all 72 x 60 latitude-longitude bins were made. Software 
was developed to find the average ML rates (counts/readout) in each of 
those 72 x 60 bins. Depending on the density of passes, and on the 
orbital inclination (vide Fig. 13), a bin may have contributions from 
one to several passes. It may be repeated at this point that the 
satellite passes having at least 9 continuous subcoms were included to 
prepare this average data. Plots have been preapred for each 
longitude bin with latitude vs. ML rates. In all, 72 such plots were 
prepared. Fig. 14 shows one such plot for the longitude bin lying in 
180° < 4. < 185°. The uncertainties in the average rates were computed 
from the counting rates and the number of readouts Included in each 
average. 
To determine the position of peak flux in each of the 72 plots, 
Gaussian curves were approximated through them. The mean y, the 
standard deviation o, and the width (FWHM) r were determined 
approximately for all the 72 curves. The standard deviation o was 
taken as the probable error in the location of the mean y which 1s 
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of the peak flux in a longitude bin was taken as the width of the 
longitude bin. 
As per indication in the raw data, to study the correlation of 
the peak ML profile and the line of minimum magnetic field, we have 
plotted in Fig. 15a the location of the peak ML profile, and in Fig. 
15b the location of the minimum magnetic field (Stassionopoulos, 
1970). The two figures show excellent correlation. Fig. 15c on the 
same panel shows the range of L values for the equatorial altitude of 
250 km. The plot for L-shells at any other equatorial altitude will 
be similar. It may be repeated here that the equatorial altitude 
range of the satellite is ~ 160 - 285 km. The bump in Fig. 15c occurs 
because of the relatively high L - values around the SAA at the same 
equatorial altitude, as has been discussed above. 
It should be pointed out that previous observers (Moritz, 1972; 
Hovestadt et al., 1972; Mizera and Blake, 1973; Scholer et al., 1974) 
reported observing protons near the B = BQ or geomagnetic equator; but 
for lack of global coverage, they could not construct a global 
profile. 
B.3. Survey Plots 
For further analysis of data, it was required to superpose 
passes to obtain better statistics, and to prepare plots of individual 
passes and also of superposed passes. Software was developed to make 
plots of count rate vs. geomagnetic coordinates, B-L coordinates, and 
time coordinates (LT and UT) for each of the 137 full passes. 
Software was also developed to make superpositions of passes such that 
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the peak flux position in one pass falls upon the peak flux position 
in the other pass (hence known as peak-to-peak superposition). Peak-
to-peak superposition of passes is equivalent to B m i n -
t o - B m i n 
superposition of passes, according to the profile of proton flux 
maxima. 
The positions of peak flux can be easily located in satellite 
passes above 225 km. For passes below the altitudes of 200 km, where 
counts/readout were nearly at the level of instrumental background, 
locating the positions of peak flux was not so easy. However, the 
problem was solved in two steps. First the beginning and the ending 
geomagnetic longitudes of a low altitude pass were noted from the 
plots of the orbits in geomagnetic coordinates (Fig. 13). Then the 
position of the peak flux was found from the profile plot of the ML 
peak flux (Fig. 15a), by matching the longitude range. 
B.4. Width of the Equatorial Zone 
All the 137 passes were superposed and the plot shown in Fig. 
16 was produced to find the latitudinal width of the equatorial 
zone. In the figure, each latitude bin is 1° wide, and by 
construction, the position of the peak flux is the B m i n location. The 
figure represents the globally averaged profile, where the error bars 
are determined from both the uncertainty of averaging counting rates 
within a latitude bin and the uncertainty in superposing peaks. The 
FWHM of ~ 13° in latitude is obtained from approximating a Gaussian 
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in the tail region of the plot is a consequence of the fact that the 
positions of the peak flux occur in a range of latitudes on both sides 
of 0° latitude. The average level in counts per second in the tails 
of the curve is at least 10 times the background level mentioned 
above. The occurrence of the peak position at B m i n is a reflection of 
the fact that the pitch angle distribution is peaked at 90°. The FWHM 
obtained from the plot agrees well with that given by Hovestadt et. 
al., (1972). However, the FWHM's obtained from the single passes 
given by Moritz (1972) and Scholer et al. (1975), are ~ 1.5 times 
larger than our value. 
B.5. Longitude Dependence 
To study the longitude dependence of ML flux, the 137 satellite 
passes were grouped in altitude ranges, low (180 < h < 215 km, medium 
(225 < h < 255 km), and high (255 < h < 285 km), according to the 
altitude at peak flux, and then binned by 30° longitude intervals. 
The passes which fall in a longitude bin were superposed as stated 
above. 
A plot of this data for the three altitude ranges is shown 1n 
Fig. 17, and indicates no statistically significant deviation from the 
average, I.e., no appreciable longitude dependence. However, a slight 
enhancement of the flux in the highest altitude range 1s possible, and 
this may indicate a trace of the SSA contamination. The data gaps in 
the plots are the result of the satellite operation schedule and 
removal of bad quality data. The longitude Independence 1s a 
consequence of the fact that the local density dependent lifetime of 
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B.6. Altitude Dependence 
To study the altitude dependence of ML peak flux the altitude 
range was binned in 5 to 15 km wide intervals so as to keep comparable 
number of passes in each altitude bin. Passes with peak values 
occuring in a given altitude bin were superposed peak-to-peak, and the 
peak average counting rate was determined. Peak flux was calculated 
by dividing the peak count rate by the geometric factor. Fig. 18 
shows the plot of the peak flux vs. altitude. The peak flux has a 
power-law dependence upon the altitude. The power-law representation 
is 
4|M = a hn . 3.56 x 10-16 h4.999 (in.B.6.a) 
9 1 
where the flux j is in (cnr - sr - s - keV)"1, the altitude h in km. 
The exponent n varies in the range 
4.823 < n < 5.175 
and the intercept a in the range 
1.370 x 10"16 < a < 9.262 x 10'16 (cm^sr-s-keV-km")"1 
Thus, we find that the peak proton flux varies as the fifth power of 
altitude. 
Moritz (1972) in his investigation of equatorial zone proton 
flux in the altitude range 400 - 1000 km did not find any 

















B.7. Local Time Dependence 
All perigee passes of the satellite occured at 10:30 hr local 
time, whereas all apogee passes occur at 22:30 h local time. Thus, 
the orbital characteristics do not allow us to study the ML flux as a 
function of local time. 
B.8. Energy Spectra 
In order to study the differential energy spectra, we have 
calculated Phoenix-1 observed differential flux, along with those from 
other groups of observers. The flux was calculated by dividing the 
peak average count rates by the geometrical factor and by the energy 
interval. The compiled data have been plotted in Fig. 19, which shows 
the differential flux values observed on OV-1 by Mizera and Blake 
(1973), and on Azur by Moritz (1972) and Hovestadt et al. (1972) 
during prestorm, poststorm and average times. It is seen that at low 
energies particle flux is increased by a factor of 12.5 following a 
storm, but as the particle energy increases, storm time inflation 
decreases. 
For flux values above 100 keV (prestorm and average data), a 
least square fit has been done to find the power-law for the energy 
spectra. The power-law is of the form 
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where dj(E)/dE is in (cm -sr-s-keV) , and kinetic energy E is in 
keV. The exponent k is in the range 
2.440 < k < 2.662 . 
And the intercept b is in the range 
3.09 x 105 < b < 1.5 x 106 (cn^-sr-s-keV1'1*)"1 . 
The power-law distribution yields 1.3 MeV as the mean energy of 
our proton flux. The Phoenix-1 flux point represents the flux at the 
observation altitude of 277 km. 
The power law on Fig. 19, calculated from previous data, 
+5 predicts that Phoenix-1 should observe 38_. counts per readout for ML 
energy range 0.6 to 9.1 MeV. The actual peak rate observed is 10.50 ± 
0.81 counts per readout in the highest altitude bin centered at 277 
km. This is shown as the open square on the figure at 1.3 MeV with 
the full energy range indicated. The previous missions sampled a 
higher altitude range and, to compare our measurements to theirs, we 
extrapolated our observed flux to a comparable altitude with other 
observers (450 km) with the altitude dependent power law. This 
+0 83 -3 extrapolation gives a flux of (6.53_0*^) x 10 proton 
7 1 
(cnr - sr - s - keV)"x plotted as the filled square. The 
+14 corresponding peak counting rate would be H 4 _*3 counts per readout or 
56 ± 7 protons (cm2 - sr - s) , a factor of 2.99 ± 0.37 larger than 
predicted by the power law. The calculation of the flux compared 
above did not consider instrument response function to particles of 
different pitch angles and the anisotropic pitch angle distribution of 
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magnetosperhic particles. We leave the discussion of the flux 
enhancement, and other features of the low altitude proton population 
for Chapter IV. 
B.9. Observation of Z > 2 Particles 
Unlike the ML rates, the MM and the MH counts are very few. 
None of the features discovered for the ML rates, are seen in the case 
of the MM and the MH rates. In all the 137 passes considered for 
analysis, only 31 passes give 36 nonzero MM counts, and only 5 passes 
give 5 nonzero MH counts, both kinds of rates having 1 count per 
readout. Fig. 20 shows the locations of both nonzero MM and MH counts 
in geomagnetic coordinates. The denser parts of the locations of MM 
and MH counts appear where there is good coverage. Comparison of Fig. 
20 with Figs. 11, shows that the seven readout locations around 60° 
and several more in 240 - 330° geomagnetic longitudes in Fig. 20, 
correspond to the coverage location to the right (around 60° 
longitude) of the removed SAA patch and to the coverage location 
around -90° longitude in Figs. 11. 
MM and MH rates do not show any of the spatial structure shown 
by the ML rates. In fact the MM and the MH rates are consistent with 
the instrumental background measured at a quiet region of the orbit 
located between the equatorial and the low latitude zones. The MM/ML 
and the MH/ML ratios, for the entire equatorial zone, where ~ 10"J and 
10"4 respectively. This indicates that there are, essentially, no 












• N0N-ZERO MM RATES 
• NON-ZERO MM AND MH RATES 








1 . , 1 . . I 
• 
i i 1 i 
A 
• 
l . . i 
• 




• • • 

















0 60 120 180 . 240 300 . 360 
MAGNETIC LONGITUDE (degree) 
Figure 20 
78 
the monitor telescope. Discussion of Z > 2 particles in the radiation 
belt appears in Appendix I.D.3. No more investigation about these 
particles will be presented in this work. 
CHAPTER IV. 
INTERPRETATION AND DISCUSSION OF RESULTS 
A. SPATIAL DISTRIBUTION 
We have found several features of the spatial distribution of 
proton flux. These are: (i) occurrence of global peak flux profile 
along the line of minimum magnetic field strength, (ii) pitch angle 
distribution of ~ 19, (iii) latitudinal width (FWHM) of the equatorial 
zone ~ 13°, and (iv) independence of peak proton flux with 
longitude. We discuss them one by one. 
A.l Proton Peak Flux Profile 
The protons quasi-trapped in the Earth's magnetic field in the 
equatorial region experience a harmonic bounce motion about the 
B = B m i n value of the geomagnetic field. This can be shown for the 
real field by applying the dipole field equations with dipole 
equatorial quantities replaced by the quantities at the minimum 
magnetic field positions. With the Introduction of this replacement 
(only in this section), Eq. (I.C.7) in Appendix I.C, reads 
R - min 
M " s1n2aR 
Bmin 




near 90° will mirror at a mirror point magnetic field BM - value close 
to the B m i n - equator. The first three terms of a Taylor series 
expansion (Roederer, 1970) of the B m i n magnetic field gives 
dB B(i) = B . + P£) v ' mm KQ%' 
B = Bn,1n dl 
1 i' 
~ Dmin 2 Kmin 
B = B 
min 
(IV.A.l) 
d2B where k . = (—5) 
min j«ZJ 
as. 
B = B. 
min 
and «, is the field line arc length, and is measured from the B m i n 
position in the direction of increasing B. The second term, being the 
derivative at a minimum point, vanishes. From Eq. (I.C.7) in Appendix 
A, the cosine of the pitch angle at arc length a can be written as 
,(.>-»,. eMl-f^l1'2 (IV.A.2) 
Substitution in Eq. (IV.A.2) the value of B(a) obtained from (IV.A.l) 
vU) - 11 -°min 1
 Kmin *M, 




1 Kmin *M 
2 Bm1n 
(IV.A.3) 
From (IV.A.l), the mirror point arc length 1s approximately 
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*M S KL (B« " W (IV-A-4) 
min 
where BM indicates B(a) at a... From Eq. (I.C.9-b) in Appendix A and 
Eq. (IV.A.2) 
v ^ t ) = v cosa^ = v (1 - I M ) 1 / 2 (IV.A.5) 
Making substi tut ion from ( IV .A . l ) , we get 
B i k a
2 
v U) . Vfi . W l / 2 f l . 2 W j 1/2 v,(») v(l B M ) (1 B M . B m i n ) 
= V ( 1 . W / 2 ( 1 . 4)1/2 
M * M 
- <vi>.in <* - 4 ) 1 ' 2 <IV-A-6> 
aM 
The parallel acceleration is given by 
dv.(t) dv„(4) 
da 
dt da dt 
/ \ I 1 2a da 
= <Vmin 2 2 1 / 2 " 2 dt 
(1 - \ ) 1 / 2 *M 
*M 
fv2) 
. . Li^ln £ (IV.A.7) 
*M 
which is the equation of an harmonic oscillator. This harmonic motion 
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makes the flux a maximum at the B m i n position, and the flux drops off 
at off-equatorial points along any field line. 
At the minimum equatorial point (a = 0 ) , the pitch angle is 
minimum and the particle velocity attains its maximum value. The 
reverse situation happens at off-equatorial mirror points. The bounce 
motion has been discussed in detail in Appendix I.C.2. 
A.2 Pitch Angle Distribution Index 
The equatorial pitch angle distribution is one of the 
distribution functions for trapped particles (vide Appendix I.G.). 
According to Valot and Engelmann (1973) [vide (Eq. (I.F.7) in 
Appendix I.F]. 
D 
j ( » ) • ( r ) q / 2 <IV-A-7> 
where J(a) is the omnidirectional flux, and q is the pitch angle 
anisotropy index. If log J(a) is plotted against log (ip). we should 
get the value of the exponent q from the slope. 
Assuming the monitor telescope to be an omnidirectional 
particle detector, we can apply the above relation to the proton 
counts/readout shown in Fig. 16 in Chapter III, to get a rough Idea of 
the value of the exponent q. A least square fit to the data of that 
figure yields q = 19 ± 2. What this means 1s that the pitch angle 
distribution is highly anisotropic and is sharply peaked at o = 90°. 
Moritz (1972) found the pitch angle distribution index q to be 
13 ± 3, which indicates a slightly flatter distribution than the one 
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found here, on the assumption that the monitor telescope was an 
omnidirectional detector. 
The difference in the pitch angle anisotropy indices is 
probably due to the difference in the altitudes of observation. 
Protons are rapidly lost into the atmosphere in the altitude range of 
Phoenix-1 observation (vide the section on altitude dependence), 
whereas protons in the altitude range of Azur (Moritz, 1972) 
observation are comparatively safe. In such a loss situation, protons 
which mirror at off-equatorial latitudes have their population 
decreased rapidly. The surviving protons have a pitch angle 
distribution sharply peaked at a = 90° and a larger q. At the 
observation atltitude of Azur (Moritz, 1972), the proton population 
has a comparatively rich component of particles of |90° - a | pitch 
angles, which yields a lower q or a flatter distribution. Table III 
in Chapter II, shows the difference in the range of pitch angles with 
increasing altitude. 
A.3. Width of the Equatorial Zone 
Intimately connected with the equatorial pitch angle 
distribution is the width of the equatorial zone. A flatter pitch 
angle distribution leads to a wider zone than a narrow pitch angle 
distribution. 
The differences in the altitudes of observation coupled with 
the instrumental efficiencies can explain the discrepancy between the 
FWHM's determined by the S81-1 and Azur missions (Moritz, 1972). Our 
data shows a FWHM of ~ 13°, whereas Azur mission (Moritz, 1972) 
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observed a FWHM of ~ 19° We pick up Azur mission (Moritz, 1972), for 
comparison, because we know the efficiency of the instrument it 
used. The altitude effect in this case 1s the one given in Table III 
of Chapter II, which shows that at an altitude of 500 km (Azur's 
altitude), the dipole field can trap particles of equatorial pitch 
angles in the range 90° ± 28°, whereas at 285 km the field can trap 
particles only in the pitch angle range 90° ± 18°. The efficiency 
effect in this case is that at any latitude, the telescope used in 
Azur mission has the same efficiency of detecting particles of local 
pitch angles 90° ± 15°, whereas the monitor telescope's efficiency 
varies with latitudes. Beyond 16° geomagnetic latitudes, the 
efficiency of the monitor telescope to view locally mirroring 
particles is ~ an order of magnitude less that at 0° latitude (vide 
Fig. 56, Appendix II.B) and less than one-third of the efficiency of 
Moritz's telescope (vide Fig. 57, Appendix II.B). Thus, the altitude 
effect and the ability of Moritz's (1972) telescope to view a wider 
distribution of particles in latitudes have contributed a wider FWHM 
in Moritz's (1972) observation. 
A.4 Longitude Dependence 
The quasi-trapped protons in the altitude range of observation 
have very short lifetimes which prevent them from any appreciable 
drift motion. They are quasi-trapped in the sense that they can 
complete bounce motion. Table V shows lifetimes, the number of 
bounces, and drift periods for low altitude protons. The other 
columns of energy loss per bounce and root-mean-square (RMS) 
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scattering angles will be referred in a later section. The lifetimes 
of these protons are controlled by the local atmospheric density. The 
lifetime against neutralization is defined as 
TCE(h,ae) = ((zn
1 oJnJv)-1 (IV.A.8) 
i th 
where n. is the bounce average density of the i atmospheric gas 
(vide I.F.4), o,Q is the neutralization cross section of proton with 
it (Toburen et. al., 1968) and v is the velocity. W is a strong 










































































































The appropriate atmospheric density for these short lived particles is 
the bounce average density (vide Appendix I.F.4). 
Given that the lifetime of the quasitrapped particles is short 
enough for inappreciable longitude drift, for a spherically symmetric 
sink (which is the Earth's atmosphere), longitude independence results 
from a symmetric source. With the removal of the major SAA influence, 
we can think of a symmetric outer radiation belt. However, with the 
inclusion of SAA influence, some longitude dependence will be 
observed. 
B. Altitude Dependence 
In the atmosphere, the observed altitude dependence of proton 
flux can be due to several factors: (i) source attenuation, (ii) 
charge exchange loss of protons, (iii) proton loss due to atmospheric 
ionization, and (iv) proton loss due to pitch angle diffusion in the 
loss cone. We will discuss each of these causes and estimate their 
importance. 
B.l Source Attenuation 
In the source attenuation case we assume that the protons 
observed at low altitude are produced from energetic neutral hydrogen 
coming from the ring current region toward the Earth. These energetic 
neutrals are produced from the ring current protons via charge 
exchange Interaction with thermal neutral hydrogen 1n the exosphere. 
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At low altitudes, the neutrals are stripped of their electrons by 
interaction with atmospheric gases and become protons which are then 
trapped in the geomagnetic field. Fig. 21 illustrates the 
precipitation process. The neutrals are exponentially attenuated in 
their Earthward journey. The protons generated at any altitude are 
lost mainly through electron capture, in which case it becomes an 
energetic neutral which may lose its electron again at same other 
altitude and contribute a secondary generation (or any higher 
generation) proton, or be lost by falling into the loss cone region. 
For the time being we concentrate only on the primary generation of 
protons. 
Another loss effect is through energy loss due to Coulomb 
interactions. But this is, comparatively, a much weaker process, as 
can be understood in these two examples: At 150 km a proton a = 90° 
and E = 1 MeV, has an electron capture lifetime of 0.4 sec. And 
during this lifetime it loses ~ 162 keV and still remains as a proton 
for a long time. At 300 km which is the other extreme end (relative 
to our observational altitude range of 165 - 285 km), the same proton 
loses 2.64 keV in its charge exchange lifetime of 34.3 sees. So, the 
energy loss process can be neglected unless we put some threshold 
energy value below which the proton will be considered lost. We shall 
discuss this instrumental effect shortly. 
The third loss effect is pitch angle diffusion. A proton 
during its charge exchange lifetime undergoes some scattering in pitch 







scattering process, the proton stays quasitrapped. If the pitch angle 
decreases, the proton have to mirror at a higher latitude (vide Eq. 
I.C.8 in Appendix I.C), possibly in the loss cone region (vide Eq. 
I.C.10 in Appendix I.C.) and be lost into the atmosphere. Also, the 
loss cone size is an equatorial altitude dependent function. As shown 
in Table III in Chapter II, the dipole field can trap particles of 
certain equatorial pitch angle range. The appropriate loss factor in 
this case is the ratio of the integral of the pitch angle distribution 
function within the pitch angle range at the altitude under 
consideration to the same integral between the pitch angle range at 
the normalization altitude (say 800 km). Because the pitch angle 
distribution function is sharply peaked at o = 90°, this ratio is 
weakly dependent upon altitude. For the time being we omit the 
inclusion of this ratio in the equation for the equilibrium 
situation. We will, however, consider this ratio in combination with 
the instrument's sampling efficiency in pitch angle space. 
At any time t and at any altitude h the equation describing 
generation and loss of protons of o = 90° can be written as 
Accumulation rate _ Generation rate Loss rate of 




- v[z (h,E)]jp(E,h) (IV.B.l) 
10 v 
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where jp(E,h) is the differential proton flux in (cm-s-sr-keV)"1; 
7 1 
jH(E,h) is the differential neutral hydrogen flux in (cm -s-sr-keV) ; 
ZQ^ = in1 oL (cm ) is the sum of the products of atmospheric 
constituents and their electron stripping cross section for energetic 
neutral hydrogen; ZjQ = in
1 o L (cm'1) is the sum of the products of 
bounce average density of atmospheric constituents and the electron 
capture cross sections for protons; and v is the velocity of the 
energetic neutrals or of the energetic protons. 
For an equilibrium condition, Eq. (IV.B.l) yields 
JH(E,h) z01(h,E) 
z10(hlE) V
E ' h ) <IV'B-2> 
For equatorially mirroring particles of a = 90°, n1 is the 
same as n1 (cyclotron orbit average density was not calculated since 
cyclotron radius « density scale height), so, for these particles the 
ratio in Eq. (IV.B.2) is effectively a function of energy through the 
ratios of electron capture to electron loss cross sections. Eq. 
(IV.B.2) shows that any dependence of jp on altitude can be introduced 
through the altitude dependence of j H. 
To investigate the depletion of source neutrals as a function 
of both energy and altitude, we calculated the fraction of the 
surviving neutrals at any altitude. This fraction is given by 
-i S1(h) oj^E) 
WAT(E,h) = e
 1 (IV.B.3) 
where S^h) is the column density of the ith atmospheric constituent, 
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and the sum runs over all the atmospheric constituents. We have used 
the atmospheric model prepared by Jacchia (1977) to calculate the 
depletion of neutral hydrogen. In a spherically symmetric atmosphere, 
at a given altitude in the equatorial plane, column densities 
(starting from 2500 km) of individual gases in the zenith angle range 
-90° < a < 90° (which takes care ~ 30% of the equatorial part of the L 
shells in the range 2.5 - 3.5) have been calculated at intervals of 
1°. The column densities are multiplied by the electron stripping 
cross sections of the individual gases, and the fraction in Eq. 
(IV.B.3) is evaluated for the full angular range. The average value 
of WAT(E,h) was then determined for the given equatorial altitude. 
The average fraction of remaining neutral hydrogen was also calculated 
as a function of energy, and WAT(E,h) as a function of both energy and 
altitude as shown in Fig. 22. The figure shows 4 curves at specified 
energy values and then the weighted average over the whole energy 
7 '5'i 
range based on an E energy spectrum. The remaining proton 
fraction is normalized to 0.5 at 600 km. A strong altitude gradient 
of the fraction of undepleted neutrals starting from approximately 400 
km is indicated. 
The undepleted neutrals will be converted to protons according 
to this relation 
zQ,(h.E) 
VE 'h> - I^hTET VE-h> <IV-B-4> 
The surviving protons at any altitude as detected in the 
Phoenix-1 experiment, are then given by the product of the survival 
probability for ionization loss (1-WJQ) which depends on the 
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instrumental threshold, the sampling efficiency of the instrument in 
pitch angle space combined with the pitch angle distribution function, 
which we call loss cone effect W L Q , and jp(E,h). We discuss below 
these probability functions. 
B.2 Proton Survival from Ionization Loss 
Ionization loss of protons occur through Coulomb excitation 
energy loss in the atmosphere. A quasi-trapped proton at any 
equatorial altitude loses some energy AE in its lifetime in bouncing 
between two mirror points. The spiral arc length traversed by a 
proton of equatorial pitch angle a tied to an L-shell at the 
geocentric equatorial distance rQ is given by Eqs. (I.C.13b) and 
I.C.14) in Appendix (I.A). Multiplying the bounce average density 
corresponding to the given a and rQ, by the spiral arc length, we get 
the atmospheric column density experience by the proton. Energy loss 
of protons was calculated in a diatomic oxygen atmosphere, and, if the 
proton energy fell below 0.60 MeV, it was not detected. The 
ionization loss probability 1s defined as 
WI0<E»h> = E - EE 1U L Lthrs 
where E t n r s = 600 keV. For a single particle, if E > E t n r s , the 
particle will be detected. However, its detectibility also depends 
upon the energy AE it loses. AE depends upon the proton pitch angle, 
proton energy and the altitude concerned. WjQ(E,h) has to have the 
following characteristics: 
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i) The higher the altitude, the lower the WJQ 
ii) The higher the energy, the lower the WJQ 
iii) The higher the difference |90° - o j the higher the WJQ 
The energy loss AE bears the signatures of these three effects. In a 
distribution of particles, WjQ(E.h) is representative of the loss 
probability of particles of energy greater than 600 keV. The 
corresponding ionization survival probability function is defined as 
1- WI0(E,h) = 1 - p - 4 (IV.B.5) 
1U L Lthrs 
Table V showed AE as a function of E and a . We have plotted in Fig. 
23 the ionization survival probabilities at 631 keV, 1336 keV and the 
average probability for the entire energy range. The probability 
function is normalized to unity at 600 km. No value of the 
probability function below 150 km has been shown. In the calculation 
we have taken AE as the energy loss in a bounce path. The curves are 
very steep at low altitudes and at low energies. 
B.3 Loss Cone Effect 
So far we are dealing with o = 90° particles at the equator, 
but we can extend the treatment to Include particles of all other 
pitch angles. We can think of neutrals reaching other latitudes, and 
















their contribution at those latitudes. However, an easier way to 
include them is through a weighting factor W L Q which takes care of the 
increased equatorial pitch angle ranges with increasing altitude and 
the instrument's efficiency to detect particles of different 
equatorial pitch angles. Table III 1n Chapter II shows the equatorial 
pitch angle ranges in different equatorial altitude ranges. With 
decreasing altitude, the magnetic field has decreasing capability of 
keeping particles trapped/quasi-trapped, since the size of the loss 
cone is a function of the equatorial altitude (vide Eq. (I.CIO) in 
Appendix I.C). W L Q is equal to the right hand side of Eq. (B.15.j), 
(which is an integral of the product function of equatorial pitch 
angle distribution and the instrumental efficiency), in Appendix II.B 
with the appropriate limits of integration taken as a function of 
altitude, i.e. 
m 
Wir = Z F(a.) f(a.) Aa (IV.B.6) 
LC j=1 J J 
13 where F(a.) = sin a, has been used as the pitch angle distribution 
function. The values of WL£ are listed in Table VI for the pitch 
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90 ± 12 
90 ± 14 
90 ± 17 
90 ± 20 
90 ± 22 
90 ± 24 
90 ± 26 
90 ± 28 
90 ± 31 











WL£ is not a strong function of altitude. In the observational 
altitude range it varies by a facotr of - 1.4. At any altitude it 
depends on the pitch angle distribution and the instrumental 
efficiency. It does not depend on energy since we assume f(a) in 
(IV.B.6) is independent of energy. 
B.4. Combined Loss Effects 
The final fraction of protons of energy E surviving at altitude 
h 1s given by 
f (p(E,h) = WLC(1 - WJQJW, (IV.B.7) 
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We have done a least square fit to this function in the altitude range 
175 to 275 km. To get this function at any altitude, we multiplied the 
average of both (1 - WJQ) and WAT over the entire energy range of the 
instrument, weighted by E ~ 2 * " spectra. The product function 
represented by the solid line has been plotted in Fig. 24 as a 
function of altitude. To find the power law represented by the solid 
line within the observational altitude range for comparison with the 
fifth power altitude dependence of flux, a least square fit was 
done. The dotted line represents the least square fit line. It has a 
slope of 4.56 ± 0.26. This explains closely the observed 5th power 
altitude dependence of the measured proton flux in our observational 
altitude range. To evaluate f'p(E,h) we have used Jacchia atmosphere 
(1977) at 900° K which was the mean temperature for the local time of 
the Phoenix-1 observations. 
Since we did not consider any secondary generation of protons 
in the model, the agreement between the observed and the model 
predicted slopes Indicates that the primary proton flux will outnumber 
the secondary or higher order generation of proton flux, or in other 
words, secondary or higher order generation or protons will not have a 

















The turnover of the altitude variation curve beyond 300 km also 
explains the altitude independence of the proton flux reported by 
Moritz (1972). 
C. Pitch Angle Diffusion, Energy Spread and 
Secondary Generation of Protons 
At low altitude the quasi-trapped protons lose energy through 
Coulomb excitation in the dense atmosphere. This energy loss depends 
on the energy of the particle and on the bounce path, which again 
depends on the equatorial pitch angle. Even for monoenergetic 
particles, due to energy losses of varying amounts depending on the 
pitch angle distribution, kind of spatial/pitch-angle diffusion and 
spreads in energies of the protons are expected at any time. 
An effect intimately connected with the energy loss is the 
pitch angle scattering. As the particle loses energy in bounce 
motion, its pitch angle gets changed due to multiple Coulomb 
scattering. The mean square scattering angle in traversing a 
thickness dx (g - cm ) of the medium is approximately given by 
(Dragt, 1972), 
d<e2> = (21/(pv)]2 x;Jd dx (IV.C.l) 
where p is the momentum of the particle, v is the velocity, and Xracj 
1s the radiation length of the medium. The product pv 1s to be 
expressed 1n MeV. For air Xra(j is 37 g - an ', and for oxygen it is 
7 7 
35 g - cm c. For oxygen atmosphere the energy loss in MeV/g - cnr is 
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given by 
|| = 213.94 E ~ 0 - 7 0 (IV.C.2) 
for 0.3 < E < 10 MeV. So, the mean scattering angle in losing energy 
from Ej to E2 is then given by 
<e2> = (21)2 x;Jd JE
2 (pv)"2 (- dx/dE) dE (IV.C.3) 
= 4.96 x 10"2 (Ej 0 , 3 - E~0,3) (IV.C.4) 
where pv has been replaced by 2E within the integral sign. The 
scattering angle depends on the pitch angle and energy of the 
particle. Particles which mirror away from the equator will have more 
energy loss, and so higher RMS angle. This effect is more pronounced 
among particles of lower energy than particles of higher energy. 
From the constancy of the first adiabatic invariant (vide Eq. 
(I.C.6) in Appendix I.A), we can enumerate the effect of pitch angle 
diffusion due to multiple Coulomb scattering. If a particle with 
equatorial pitch angle a scatters through Ao , then the change in its 
mirror point is 
ABM = -2 B Sin"




R-^ = -2 C0to0 Ao0 (IV.C.6) 
BM e e 
Most of the pitch angle scattering will take place near the mirror 
point. Eq. (IV.C.4) in combination with Eq. (IV.C.6) determines the 
percentage change in mirror magnetic field due to a change 1n pitch 
angle. Fig. 25, which illustrates the bounce average atmospheric 
column density vs. mirror point magnetic field for three different 
equatorial altitudes, can then be used to estimate the changes in 
atmospheric density. Let us take an example to illustrate the 
situation described above. A 631 keV proton in an L-shell of 1.03918 
(equatorial altitude of 250 km) and with an equatorial pitch angle of 
85.7° mirrors at a B field of 0.279 Gauss. In one bounce its pitch 
angle is changed by 0.224°. Then the percentage change in its mirror 
point magnetic field as obtained from Eq. (IV.C.6) is 3.373K, and the 
proton will mirror at BM = 0.288 Gauss. The result is that it 
experiences at least two times the trajectory averaged density 
compared to its previous mirror point. The effect of increased 
atmospheric density magnifies both the energy loss and the RMS 
scattering angle. In the scattering process, if the particle's pitch 
angle is decreased, the particle will be dumped Into the loss cone. 
If the pitch angle is increased, it will remain quasi-trapped. 
If a proton 1s neutralized, it will appear as a proton again at 
a different altitude with changed energy and pitch angle, 1f it does 
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time a type of spatial/pitch-angle diffusion occurs and introduces a 
spread in the energies of the particles. 
D. Effect of Change of Spectral Index 
The mean energy of the Phoenix-1 observed protons was found 
from the E" 2 , 5 5 spectra observed in previous missions at an altitude 
of > 450 km. The previous section has shown that there are energy 
losses, scattering of pitch angles and secondary generation of 
protons. Protons observed by the Phoenix-1 experiment may have a 
lower spectral index at the altitude around 275 km because of energy 
losses. The effect of the spectral index is introduced in calculating 
the weighted average of fractions of protons surviving at any 
altitude. 
We have studied the effect of a change in the spectral index in 
Fig. 26 which shows two curves of f'p(h) at T = 900° K, produced using 
E" 2 , 5 5 and E" 1 , 8 5 as the weighting functions. Comparing with Fig. 24, 
we find that if the spectral index is reduced from 2.55 to 1.85, the 
effect on the altitude depndence is not very significant. 
The conclusion we can make out of this Illustration 1s that the 
energy loss due to Coulomb interaction 1s not so much as to affect the 










































E. Flux Enhancement 
The discrepancy in proton flux between the two measurements 
(Azur and S81-1 missions) may arise principally from the assumption of 
power-law dependence of flux between ~ 290 to 450 km which turns out 
to be wrong according to the source attenuation model developed 
above. However, there may be contributions to the discrepancy from 
the assumption of isotropic pitch angle distribution used in the 
calculation of flux, from the fact of different instrumental 
efficiencies of EI-92 and the monitor telescopes, from local time 
effect and from exospheric neutral hydrogen density increase or source 
strength increase. The fundamentally most important thing in such a 
situation is to correctly calculate the fluxes to be compared. 
E.l. Calculation of Quantities for Correct Flux Comparison 
Appendix II.B has been devoted in the development of tools for 
a true comparison of fluxes measured by two different instruments. It 
has been shown in Eq. (II.E.3) in Chapter II that under the assumption 
of altitude independence of spectral index b and pitch angle 
anisotropy index q, comparison of differential fluxes measured by two 
instruments is the same as comparison of the normalization constants 
Jn's. Eq. (B.15.k) in Appendix II.B shows how Jn's can be calculated 
from count rates, detector area, instrumental pitch angle response 
function and pitch angle distribution, and the Integral energy 
spectrum. In the statement following that equation we have mentioned 
that the variation of the normalization constants 
107 
depends on time t, which indicates different epochs. Fig. 27 shows 
the comparison of Jn's between the epochs late 1969 and 1982, for 
several values of q. Fig. 26 actually represents the flux comparison 
between the epochs taking consideration of the instrumental pitch 
angle response function and the pitch angle distribution function. In 
the calculation, the value of b was taken to be b = -2.55, and the 
energy integration was done on the respective energy limits of the 
instruments. For Azur, the energy limits were 250 keV to 1650 keV, 
while for the monitor detector the limits were 600 keV to 9100 keV. 
The counting rate, R = 0.70 ± 0.15/sec, of the EI-92 telescope was 
taken from Fig. 2 of Moritz (1972). For the monitor, the counting rate 
was R = 2.56 ± 0.20, the peak average rate at the observation altitude 
of 277 km. The area of the detector used in Azur mission was 
0.385 cm2. 
The range in q was selected in keeping with the reported 
values. Blake et. al. (1973) measured a value of q - 6.7 in the L 
range 1.8 < L < 1.9 for four different proton energy channels covering 
375 to 2250 keV/nucleon in the equatorial zone. A value of q = 11 ± 2 
was obtained by Mizera and Blake (1973) from measurement of the 
equatorial proton pitch angle distribution at low energies. Moritz 
(1972) calculated a pitch angle anisotropy index from a simple 
particle source model and obtained q = 13 ± 3. Assuming the monitor 
telescope to be an omnidirectional particle detector, 
q = 19 ± 2 was obtained from the Phoenix-1 observation. Thus, for low 
energy protons at low altitude near the equator, q may fall 1n the 
range 5 < q < 21, with the most likely value in the middle of the 
NORMALIZATION CONSTANT 
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range. However, a wider range of q values 5 < q < 35 was chosen to 
show the possible variation due to the pitch angle anisotropy index. 
In the figure, the open circles represent the Jn(h,t) values 
for the Phoenix-1 observed flux at 277 km, the squares represent the 
same value for Azur measurements at 450 km. For clarity, squares and 
circles have been offset along the horizontal scale. The triangles 
represent the Jn(h,t) values for the extrapolated flux at 450 km, 
using the power-law altitude dependence, and the filled circles 
represent the flux at the same altitude predicted by the source 
depletion model developed above. 
It is clear from the figure that within the uncertainties the 
flux measured by Moritz (1972) at 450 km and by Phoenix-1 at 277 km 
are indistinguishable even if there is an altered pitch angle 
anisotropy. 
The comparison of the Phoenix-1 values extrapolated to 450 km 
(by the power-law altitude dependence) to the Azur mission values 
suggests that the flux measured on the S81-1 mission may reflect an 
enhancement of the proton source compared to that measured on Azur. 
But the extrapolation is not supported by the source depletion 
altitude dependent model. However, the source depletion altitude 
dependent model, too, gives flux enhancement but to a lesser extent, 
i.e. by a factor of ~ 1.6. at q = 15. 
E.2 Influence of Exospheric Temperature on Proton Flux 
Changes in atmospheric density or 1n source strength may cause 
this flux enhancement. We have plotted in Fig. 28, the average 
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fraction of remaining protons within the entire energy range as a 
function of altitude for the lowest exospheric temperature of 900° K 
and the highest exospheric temperature of 1200° K. What is important 
is the fact that higher fractions of protons remain at lower 
temperatures than at higher temperatures if the source strength is the 
same for both cases. 
The local solar time may cause the flux enhancement. Moritz's 
(1972) observation time was 17:00 hr local solar time when the 
atmospheric temperature is the highest ~ 1150° K. Most of the data in 
the Phoenix-1 observation belong to 22:30 LT, when the exospheric 
temperature is - 925° K. Thus, this local time effect may be the 
dominant cause of the slightly enhanced flux, subject to the occurence 
of the same solar condition at these two epochs. 
The sun was, however, passing through a weak maximum in 1969 
and a strong maximum in 1982. This resulted in exospheric 
temperatures of ~ 1046° K and ~ 1126° K during Azur and the Phoenix-1 
observation times, respectively. From Fig. 35 in Appendix I.F.2 for 
the Jeans escape rate of exospheric thermal neutral hydrogen, we find 
that the escape rate was ~ 3 times higher in 1982 than in 1969, 
suggesting an enhanced rate of charge exchange reaction in the ring 
current region, and thereby increasing the source strength by a factor 
of - 3. Refering back to Fig. 28, only a stronger source has the 
possibility of yielding a large fraction of remaining protons. At 
this stage no conclusion can be taken as to which effect, local time 
or the increased source strength, might have caused the flux 
enhancement. 
112 
F. Check for the Source Strength 
We can make a check to see if the ring current particles can 
give the observed proton flux at low altitude. To do this we 
calculate the number of energetic neutral atoms which reach a low 
altitude point. This is give by 
L = 5.5 
JH = 0.3 o1(J Re J * nH(L)jp(L)dL (IV.F.l) 
where 0.3 is a geometrical factor which takes into account that ~ 30%" 
of the equatorial part of drift L shells in the L-range 2.5 to 3.5 can 
be seen from a low altitude observation point. This is roughly 
equivalent to integrating in the zenith angle range -90° < e < 90° at 
the observation print, o 1 Q is the cross section of neutralization of 
the protons. It has the value of ~ 1.4 x 10"21 cm2 at 1000 keV. Re 
is the radius of the Earth, which is used as a multiplicative factor 
to convert the length unit into cm instead of 1n Earth's radii as an L 
value has. n„(L) is the number density (per cnr) of exospheric 
hydrogen for which we use Table VIII in Appendix I.F.2. The numbers 
in the Table can be approximately fit by the relation 
nH(L) « 8.74 x 10
3 e' 0 , 8 L (IV.F.2) 
where 2 < L < 5.5. In Eq. (IV.F.l) jp(L) is the differential proton 
flux in the ring current at L - 4.0 (Krimigis et. al. 1985). At 1000 
keV, jp = 400 (cm2 - s - sr) . We assume that it remains the same in 
the L-range 2 < L < 5.5. After integration, we get at a low altitude 
point 
JH - 2.2 x 10"4 (cm2 - s - sr - keV)"1 
at 1000 keV. In Eq. (IV.B.2) the ratio 
- ^ is - 2.2 x 10J 
E10 
at 1000 keV (Toburen et. al., 1968). So Eq. (IV.B.2) yields 
j p « 4.88 x 10"
4 (cm2 - s - sr - keV)"1 
at 1000 keV. 
Phoenix-1 measured flux at ~ 275 km and at the mean energy of 
1300 keV is 5.43 x 10"4 protons (cm2 - s - sr - keV)"1. This rough 
estimate shows excellent agreement between the two results, and thus 
supports the ring current protons as the possible source of the 
quasitrapped protons observed at low altitude. 
CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
A. Conclusions 
An investigation of the equatorial global zone of particle 
precipitation has been carried out in this work, based on the data 
received from the Phoenix-1 experiment on board the Air Force mission 
S81-1 in the equatorial altitude range of 165 to 285 km. The data 
pertains to nighttime (22:30 hr local time) observation during 
gemagnetically and solar quiet condition. According to the 
measurement, protons are the most abundant species of particles in the 
energy range 0.6 to 9.1 MeV. Alpha particles in the energy range 0.8 
to 4.5 MeV/n and Z > 3 particles (12C) in the energy range 1.2 to 11 
MeV/n appear as background. High energy (GeV range) cosmic ray 
particles make insignificant background effect for the particle 
species investigated in the Phoenix-1 experiment. This work has made, 
for the first time, a detailed study of the low altitude proton 
belt. The protons quasi-trapped in the equatorial zone perform a 
harmonic bounce motion around the minimum magnetic field, causing a 
flux maxima at B m i n positions, with the flux decreasing at off-
equatorial points along any field line. 
An approximate estimate has been made for the pitch angle 
distribution index which comes out to be q = 19 ± 2. This Index 
indicates that, at low altitudes, protons are sharply peaked around 
90° pitch angle. This is a consequence of the fact that protons at 
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altitudes below ~ 400 km are highly depleted with decreasing altitude 
and increasing |90 - a | because the off-equatorially mirroring 
protons experience a higher atmospheric density and thus have shorter 
lifetime. The width, ~ 13° in latitude, of the proton distribution is 
also a consquence of the fact that at low altitudes protons cannot 
mirror at higher latitudes because of the sharply peaked pitch angle 
distribution. 
The lifetimes of the quasitrapped protons is the charge-
exchange lifetime against electron capture. Through atmospheric 
density this lifetime is dependent upon altitude, and through electron 
capture cross section, the lifetime is dependent upon energy. 
Depending on these two variables, the quasitrapped protons may perform 
less than a bounce to several bounces. 
The study shows insignificant longitude dependence of the peak 
flux. The reason for this is that the quasitrapped protons make 
inappreciable longitude drift in their lifetimes. 
The quasi-trapped protons undergo a kind of spatial/pitch-angle 
diffusion. The pitch angle diffusion occurs through multiple Coulomb 
scattering which changes the pitch angle. A lowering of pitch angle 
may dump the proton Into the loss cone region in which case it 1s lost 
in the atmosphere. An Increase in the pitch angle keeps the proton 
quasi-trapped. If a proton 1s neutralized outside the loss cone, it 
may have Its electron restripped at some other altitude, latitude and 
longitude, in which case it becomes a second generation proton. 
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The proton flux observed at low altitude shows a fifth power 
altitude dependence in the altitude range of ~ 165 to 285 km. The 
source depletion model developed here can account for both the 
observed altitude dependence, and the altitude independence 
above ~ 400 km observed in a previous mission (Moritz, 1972). The 
model shows that, principally, three loss processes: i) source 
attenuation, ii) charge exchange loss of protons, and H i ) ionization 
loss of protons are important. Although energy loss of protons is an 
important loss effect, the energy loss due to ionization is not to 
such an extent as can cause hardening of the energy spectra. 
The effect of atmospheric density changes due to change in 
temperature has the result that at lower temperature more protons 
survive at low altitude than at higher temperature. Applying this 
temperature dependent effect to the diurnal variation of proton 
fluxes, it is found that night time (lower temperature) proton flux 
can be ~ 1.5 times the day time flux at - 17:00 hr local time when the 
atmospheric temperature 1s highest, subject to the occurence of the 
same solar condition. 
The quasi-trapped proton flux also depends on the solar 
conditions. During solar maximum conditions, more neutral hydrogen 
escapes to outerspace causing an enhanced production of energetic 
neutral hydrogen atoms. These neutrals then contribute to an 
Increased quasi-trapped proton flux. 
In a dipole field, the detector pitch angle response function 
1s Independent of longitude, altitude, and direction of flight, but is 
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dependent on latitude, orbital inclination of the statellite, and the 
zenith angle of the telescope axis. In this field, the highest value 
of the response function occurs for particles of a = 90° at the 
equator. 
In a real geomagnetic field model, the response function of the 
instrument depends on latitude, and slightly on longitude away from 
Bmi-n positions. The variation with other parameters like orbital 
inclination and the zenith angle of the telescope, is similar to those 
in the dipole field model. In this field, the highest efficiency 
occurs at the B m i n equator, for a = 92°. The response function for 
all pitch angles evaluated at the dipole equator can be used for the 
efficiency function at the B m i n equator with little error. 
The response function in combination with the particle pitch 
angle distribution function shows that the comparison of particle 
fluxes measured by two different particle telescopes having the same 
working principle is equivalent to comparing the normalization 
constants in the expression for flux. This kind of comparison offers 
detection of any temporal variation of particle flux. Further, the 
comparison shows that the peak flux does not significantly depend on 
the pitch angle anisotropy index. 
A check for the source strength indicates that the magnetically 
quiet time ring current spectra (Krimigis et. al., 1985) can sustain 
the quasi-trapped particle belt. 
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B. Recommendation 
There are three more global zones of particle precipitation. 
Interesting physics remains uncovered in the rest of the zones. The 
author has plans to undertake projects on quantitative modeling of all 
the global zones of particle precipitation based on the data from 
EXOS-C satellite which covers the altitude range ~ 300 to 800 km, and 
from S81-1 mission which covers ~ 165 to 285 km. V. L. Patel, NSF 
Program Director of Magnetospheric Physics, has shown interest for 
this sort of work. 
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APPENDIX I.A. 
GEOMAGNETISM 
In the magnetosphere, the trapping of charged particles Is 
limited by the energy density of the Earth's magnetic field which is 
predominantly dipolar. In this appendix we briefly touch upon the 
basic features of geomagnetism which are relevant to this thesis. 
A.l. Geomagnetic Elements 
The geomagnetic field is quantitatively described in terms of 
magnetic elements which specify the strength and orientation of the 
field at the Earth's surface. The three components of the field are X 
(northwards), Y (eastwards), and Z (vertically downwards). The 
horizontal field component 
H = (X2 + Y 2 ) 0 * 5 (I.A.I) 
is always positive, and the total field 
F = (X2 + Y2 + Z 2 ) 0 * 5 (I.A.2) 
1s the total magnetic Intensity approximately 0.31 Gauss at the 
equator. The inclination or magnetic dip I is defined as the smallest 
angle between the horizontal and the direction of the total field 
vector. I is positive in locations where the north-seeking end of a 
freely suspended magnetized needle points downward. 
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I = tan"1 (Z/H) (I.A.3) 
The declination or magnetic variation D is defined as the angle 
between true north and the magnetic north indicated by a compass 
needle. D is positive in locations where the magnetic north is to the 
east of true north. 
D = tan _1 (Y/X) (I.A.4) 
The locus of points of zero I is called the magnetic or the "dip" 
equator. On the dip equator Z = 0, and the total field is completely 
represented by H. The dip poles, or the magnetic poles, are the 
points on the Earth's surface where the magnetic field is vertical. 
These points are located at 74°N, 259°E, and 68°S, 144°E. 
A.2. Main Magnetic Field 
The Earth's main magnetic field is supposed to originate by a 
dynamo action in the fluid motion of the molten metal core of the 
Earth. The geomagnetic potential V satisfies Laplace's equation, and 
in the absence of electric currents flowing across the Earth's 
surface, V can be represented by a series of spherical harmonics 1n 
spherical polar coordinates (r,e,«) (Kane, 1976) as: 
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V - Re i I P* (cos o) I {(1-C") (IL/r)"*
1 
e n=0 m=0 n n e 
+ Cm (r/Re)
n} Am cos •+ + {(1-Sm) (Rfi/r)
n+1 
+ S m (r/Re)
n} Bm sin •+] (I.A.5) 
where Re is the Earth's radius, r is the geocentric distance to the 
field point, e 1s the geographic colatitude, <t> is the east longitude, 
PJ"(COS e) is a multiple of the normalized associated Legendre 
polynomial of degree n and order m, and C™J and SJ" are the positive 
numbers representing fractions of the harmonic terms of external 
origin, and have dimensions of magnetic pole strength. 
The X, Y, Z components are found from the relations 
X - ( ^ ) r = R e d.A.6a) 
1 aVs 
Y--<riteiJ>r-IL ( I J U 5 b ) 
Z - - (f£) R (I.A.6C) 
e 
The external component of V (r > Re) contributes fields of the 
order of 100 y (1 Y = 10'5 G = 1 nT), while the fields due to the 
Internal component are several thousand y The external field is 
~ 30 nT at the surface of the Earth at geomagnetically quiet times 
(Appendix I.B) and is several times this value due to the ring current 
(Appendix I.E), the drift of charged particles (Appendix I.C.3) 
spiraling about the geomagnetic field lines at several earth radii. 
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A.3. Centered Dipole and Geomagnetic Coordinates 
In terms of the first degree (n = 1) harmonic, the internal 
component may be expressed approximately as: 
R 3 o n 1 1 
V = -|- (gj cos e + (gj cos • + h| sin <t>) sin o) (I.A.7) 
where the Gauss coefficients g"! and h™* , which have dimensions of 
3n n 





According to MAGSAT vector data (Langel et al., 1980), gj = -29989.6 
nT, hj = 0, gj = -1958.6 nT, h} = 5608.1 nT with an equatorial value 
of H = 30572 nT for Re = r = 6371.2 km. The n > 2 terms are smaller 
and can be dropped for some purposes. On the Earth's surface (I.A.7) 
represents the potential of a centered dipole whose axis is tilted at 
an angle of 11.5 degrees with the Earth's rotation axis. The 
corresponding geomagnetic north pole is at 78.8°N and 289.25°E 
(70.75°W). 
The Earth-centered geomagnetic coordinate system (Cottrel and 
Mclnerney, 1985) 1s defined such that the Z axis 1s coincident with 
the magnetic dipole axis (positive towards north), the Y axis 1s 
perpendicular to the plane defined by the south geographic pole and 
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the magnetic dipole axis, and the direction of the Y axis is given by 
¥ = 1 x $, where Z is directed along dipole axis and S is directed 
along the south geographic pole. Finally, the X axis is chosen to 
make the system right-handed, and it lies in the plane formed by the 
magnetic dipole axis and the south geographic pole. The equatorial 
plane in this coordinate system defines the geomagnetic equator. The 
geographic, geomagnetic, and the dip equators differ from each other 
in varying degrees (0 ± 10°) at different locations on the Earth's 
surface. The geomagnetic latitude is the geocentric angle measured 
from the projection of the radius vector r onto the geomagnetic 
equatorial plane to the radius vector r (positive towards north). The 
geomagnetic longitude is the geocentric angle measured from the 
meridian containing the south geographic pole and the magnetic dipole 
axis to the local geomagnetic meridian (positive towards east). 
In a pure dipole field, the potential is given by the first 
term in (I.A.7) i.e., 
V = -(M/r2) cos o (I.A.9) 
where 
M = R3 gJ = 30572 R
3 (nT) (I.A.10) 
1s the dipole moment. 
From (I.A.9), we get for a dipole field 
H = (M/r3) sin e (I.A.ll) 
Z = (2M/r3) cos o (I.A.12) 
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B = (H2 + Z 2 ) 0 * 5 = (M/r3) ( 1 + 3 cos2©)0*5 (I.A.13) 
and 
tan I = 2 cos o = 2 tan x (I.A.14) 
Eq. (I.A.14) shows that for small values of geomagnetic latitude x, 
the dip angle I is approximately double (x). 
I.A.4. Eccentric Dipole 
A better matching between the observed dip configuration and 
the calculated geomagnetic coordinates is obtained if we consider the 
eccentric dipole model. In this model the dipole is displaced by 
0.0685 Re (Dessler, 1964) away from the center in the direction of 
15.6°N, and 150.9°E. This point is 6.6°, or 730 km, north of the 
geomagnetic equator. The eccentric dipole axis cuts the Earth's 
surface at 80.0°N, 84.7°W and at 75.0°S, 120.4°E. The axis of the 
eccentric dipole is inclined at 3.9° to the vertical in the direction 
of the corresponding geomagnetic (eccentric) poles. The field of the 
eccentric dipole, being parallel to the axis, is inclined to the 
vertical at the poles of the eccentric dipole. The locations at which 
the eccentric dipole field is vertical are 82.4°N, 137.3°W, and 
67.9°S, 130.6°E. The eccentric dipole field reproduces satisfactorily 
the observed low field of about 25000 nT for the total field 1n the 
South Atlantic Anomaly region. For some purposes, 1t may suffice to 
represent the geomagnetic field as that due to the eccentric dipole 
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with coefficients given in Eq. (I.A.7). For many purposes, it is 
necessary to use Eq. (I.A.5) with n up to 6 or 8 or even higher. The 
coefficients vary slowly with time. Further, the decrease of M is 
such that the equatorial field decreases by 0.02% per year. 
A.5. Dipolar Relations and B-L Coordinates 
In polar coordinates (Roederer, 1970) 
Br = -(2 M/r
3) sin x (I.A.15a) 
Bx = (M/r
3) cos x (I.A.15b) 
B = 0 (I.A.15c) 
The differential equation of a field line is given by 
rdx dr 
B " B x r 
which on the integration yields 
(I.A.16a) 
d<j. = 0 (I.A.16b) 
r = rn cos x (I.A.17a) o 
4> = A = constant (I. A. 17b) 
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In (I.A.17a) rQ is the equatorial crossing distance of the field line. 
The elemental arc length along a field line is given by 
(dl)2 = (dr)2 + r2 (dx)2 (I.A.18) 
which yields 
dl/dx = rQ cosx ( 1 + 3 sin
2 x ) 0 , 5 (I.A.19a) 
and 
dl/dr = (1 + 3 sin2 x)0,5/(2 sin x) (I.A.19b) 
Dipole field lines are specified by their equatorial crossing 
distance rQ and the longitude <j>. In magnetospheric physics, a 
dimensionless parameter L, called Mcllwain's parameter (Mcllwaln, 
1961), defined as 
L = r0/Re (I.A.20) 
is very often used as a coordinate with the magnetic field B. The 
invariant latitude defined as 
xD = cos'
1 (1/L)0*5 (I.A.21) 
1s the latitude at which the field line of parameter L Intersects the 
Earth's surface. The magnetic field as a function of latitude x, 
along a fixed L, is given by 
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B(X) • • -f (4 - 3 cosV'
5
 (KA-22a) 
rQ cos x 





is the equatorial field. The radius of curvature of a field line at a 
latitude x is 
Rr(x) = ̂ | cos x H - 3 cos
2x)0-5 (I.A.23) 
c J 2 - cos^x 
References will be made to the above field equations in the 
following sections. 
I.B. GEOMAGNETIC CONDITIONS 
The geomagnetic field suffers, occasionally, sharp temporary 
fluctuations, called geomagnetic storms. Occurences of geomagnetic 
storms are related to the 11-year solar cycle. A geomagnetic storm 
follows a large solar flare a day or two later. 
136 
I.B.I. Phases of a Geomagnetic Storm 
A storm has four phases: (i) sudden commencement, (11) initial 
phase, (iii) main phase, and (iv) recovery phase. Figure 29 shows a 
typical mid-latitude geomagnetic storm. In the first phase, the 
horizontal component H of the geomagnetic field increases suddenly to 
20 - 30 nT above the average level in low and temperate latitudes with 
a rise time of 2 to 6 minutes. This phase is initiated by the impact 
of solar plasma on the geomagnetic field, due to a sharp increase in 
the velocity of the solar wind. The effect is then carried by 
hydromagnetic waves to the lower ionosphere. 
In the "initial phase" H remains above the Normal Undisturbed 
Value (NUV) for 2 to 8 hours. This phase is due to the increased 
solar-wind pressure on the geomagnetic field, and it continues until 
the solar wind pressure drops. 
In the "main phase" H drops below NUV (~ 50 nT to 100 - 300 nT) 
and the depression lasts from 12 to 24 hours. After the minimum is 
reached, H slowly recovers to NUV, the rate of recovery increasing 
with time. The explanation for this phase is that stresses are set up 
by trapped protons in the geomagnetic field — stresses from both the 
centrifugal force of trapped particles oscillating along field lines 
through the Earth's equatorial plane and from the repulsion of the 
magnetic moment of the trapped particles by the magnetic moment of the 
Earth (Dessler, 1964). Large amplitude fluctuations in the later part 








and/or changes in the direction of the interplanetary field. 
The "Recovery Phase" is almost an exponential approach to NUV 
with a recovery time constant of 1 to 3 days, and sometimes 10 - 20 
days. This phase is believed to occur through the transfer of energy 
from trapped protons to neutral hydrogen in the geocorona (the 
outermost layer of a planetary atmosphere where hydrogen escapes to 
interplanetary space) through charge exchange interactions. 
B.2. Geomagnetic Indices 
Among the magnetic disturbance indicating indices 
characterizing the geomagnetic field, Dst and Kp are relevant here. 
Dst stands for Storm-Time Index and is a measure of the horizontal 
Intensity of the Earth's magnetic field. Kp is also called the 
Planetary K-index and gives a three-hour average value of the 
planetary magnetic conditions. There are 8 such Kp indices in 24 
hours, starting with the interval 0000-0300 UT. The Kp index is a 
quasi-logarithmic measure of the amplitude of geomagnetic 
disturbances. That is, an increase 1n the Kp index from, say, 1 to 2 
Involves only a small Increase in the amplitude of the geomagnetic 
fluctuations, while an Increase from 8 to 9 Involves a major Increase 
in the amplitude of the fluctuations. A moderately disturbed 
geomagnetic condition may be characterized by 3 < Kp < 7 and 30 < 
|Dst| < 150. 
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I.C. MOTION OF CHARGED PARTICLES IN THE GEOMAGNETIC FIELD 
The treatment of the motion of charged particles in the 
geomagnetic field presented in this section, follows mostly from 
Quantitative Aspects of Magnetospheric Physics by Lyons and Williams 
(1983). The motion of a charged particle in the magnetic field 1s 
described in terms of the guiding center approximation and a set of 
adiabatic invariants. In the guiding center approximation, the 
particle's motion is split into the circular motion around the field 
line and the displacement of the center of the circle, referred as the 
guiding center, along the field line. If we are interested only in 
the average positions of the particles in the magnetosphere, then the 
particles' motion has three components (Fig. 30). In cyclotron 
motion, the particle has periodic motion perpendicular to the magnetic 
field; in bounce motion, the particle moves back and forth along a 
field line; in drift motion, the particle moves over a closed surface 
made up of field lines. These motions are not distinct 1n the strict 
sense; however, the large differences in their time scales make their 
mathematical separation possible, and leads to the development of 
adiabatic invariants. 
C.l. Cyclotron Motion 
If the magnetic field does not have much variation in space and 
time, and if the drift of the guiding center transverse to the 















and magnetic field gradient is small, treatment of the particle's 
gyromotion can be done in a fixed frame with negligible error. In the 
cyclotron motion, the radius of gyration p of a particle of charge q, 
mass m, velocity v, and pitch angle a (the angle between the 
particle's velocity vector and the direction of the B field) is given 
by 
P = ^ s i n a (I.C.I) 
The gyroperiod and the gyrofrequency are given by 
v = i2i? = - d-c-2) 
c qB o>c ' 
Further, if the variations of the magnetic field are small over a 





dB/dt « B / T C 
then the magnetic field 1s nearly static which means that the flux 
linking the particle's orbit is constant, I.e. 
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flux = Bnp2 (I.C.3) 
? ? 7 
Bum v sin a 
= qV 
2 2 = p u/q B = constant 
whence 
y = p2/2 m B = constant (I.C.4) 
From the consideration of an equivalent current loop, y is shown to be 
equal to the particle's magnetic moment i.e., 
y = i A 
= E±/B (I.C.5) 
y is called the first adiabatic invariant for non-relavistic motion, 
and | is the perpendicular component of kinetic energy. 
C.2. BOUNCE MOTION 
The constancy of the first adiabatic Invariant i.e., 
y = E±B = E sin
2a/B = constant 
shows how the particle's pitch angle changes with position along a 
field line. As the particle starts from the dipole equator and 
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travels to converging field lines, the pitch angle increases (Fig. 2). 
At a certain point it becomes n/2 (mirror point), and the particle 
reverses direction along the field line, goes past the equatorial 
point, and its reflected back from the conjugate mirror point. This 
bounce motion occurs because the force 
F" = q v x 6 
on a particle of charge q traveling in denser 6 direction always has a 
component 
q v B± 
directed away from the denser 6 direction, while the parallel 
component of B produces the circular motion. 
With reference to the equatorial pitch angle o and field Be, 
the pitch angle at any latitude x along a field line is given by 
sin2a = s1n2a B/B = sin2a (* * 3 |in x) ' (I.C.6) 
cos X 
The mirror point field is 
BM = Be/sin
2ae (I.C.7) 
and the equatorial pitch angle is 
s1n2ae = cos
6xM/(l + 3 s1n
2x m)
0' 5 (I.C.8) 
Approximately, (I.C.8) can be written as 
4 
sina„ ~ cos \u 
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The components of velocity perpendicular and parallel to the magnetic 
field are given by 
vj = v2 sin2a = v2 sin2aeB/Be (I.C.9a) 
v2 = v2 cos2a = v2 (1 - sin2aeB/Be) (I.C.9b) 
If the particle's equatorial pitch angle is such that it mirrors in 
the dense atmosphere, it is then lost into the atmosphere. Usually 
the loss cone a is defined with respect to the mirror point at 100 km 
which is taken as the effective edge of the dense atmosphere i.e., 
a o <ro> = sin_1 (Be(ro)/B100>°"5 (I.C.10) 
Any particles with a between 0 and a mirror at < 100 km and are 
dumped into the atmosphere. The bounce period in seconds is given by 
xm . xm dt dx " ro s<"e> 
*B = 4' ?.•*! £ £ " - V - 1 - <'•<:•»> 
where 
,/. \ , rXI" cos x (1 + 3 sin2x)0-5 dx „ - ... 
(e> o [1 - S1n
2ae (1 • 3 s1n
2x)0-5/cos6xl0-6 ( I- C-"» 
is the dimensionless arc length. Hamlin et al. (1961) cites the 
approximate relation 
s(oe) - 1.30 - 0.56 sin ag (I.C.13a) 
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Wentworth (1960) gives a better relation 
s(aj ~ 1.38 - 0.32 (sin « + sin0,5 a j (I.C.13b) c e e 
Within 0 < a < TT/2, the bounce period varies less than a factor of 
two. 
The spiral length da is related to the field line arc length 
dl and the local pitch angle a by 
da* = dl/cos a = rQs(ae) (I.C.14) 
* * 
which shows almost independence of dl upon pitch angle, dl is also 
independent of particle gyroradius. For a dipole field Wentworth et 
al. (1959) gives the following relation 




where X = r/rQ = cos x. 
The bounce frequency wB 1s defined as 
wB = 1/T B = (v/4 rQ)(l/s(ae)) (I.C.15) 
If the variations in B are small during a bounce period i.e., 
VB> If K< 1 
a second adiabatic Invariant, called the lontlgudinal Invariant 1s 
obtained from the action Integral associated with the particle's 




§ mv„da = 2 / mv„ da = J (I.C.16) 
*i 
where a, and a2 are the mirror points. If B changes during a bounce 
period, v.. will change, and J will not remain constant. A frequently 
used version of J is defined as 
I = J/2 m v = /ft
2 (1 - B / B M )
0 , 5 da (I.C.17) 
where I is called the integral invariant. It represents the length of 
the field line between the mirror points weighted by a function of 
magnetic field along the line. 
Using a magnetic moment invariant and the integral invariant, 
we can describe the motion of the particle on a surface on which it 
drifts around the Earth. In Fig. 31 the dotted closed curve is the 
contour of constant B = B_. A particle of first adiabatic 
invariant y and second adiabatic invariant I0 mirrors at P, P . As 
the particle drifts in longitude, 1t can mirror at Aj, A., or at 
* 
A3, A3, if only conservation of the first adiabatic invariant 1s 
required. On the other hand 1t can mirror at Q, Q , if conservation 
of I 0 is required. But to conserve both y and I0, 1t must mirror at 
* 
A2, A2. The loci of mirror points of particles lie on two rings — 
one in Northern Hemisphere and the other In Southern Hemisphere. 
Because of variations of B on the Earth's surface, the mirror point 
altitude changes. The surface on which the particle drifts 1n 
longitude around the Earth is barrel-shaped. A drift shell 1s 
specified by the pair of parameters L and BM where L defines the 
guiding field line at each longitude <t>, and B„ the mirror points. 
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CONTOUR OF CONSTANT B=BP 
CONTOUR OF CONSTANT L 
INTEGRAL INVARIANT I e 
Figure 31 
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C.3. DRIFT MOTION 
Motion across field lines occurs when a force acts on a 
particle moving in a magnetic field in a direction perpendicular to 
the field. The following treatment shows how the drift occurs. In 
vector form, the radius of the cyclotron orbit is 
p = m(v x 6)/qB2 (I.C.18) 
If a force f i acts for a time At, then 
Ap = f± At (I.C.19) 
which results in guiding center displacement by 
Ap = Ap x B/qB2 (I.C.20) 
whence the drift velocity is 
v"D = dp/dt = Ap/dt x B)/qB
2 = (? x 6)/qB2 (I.C.21) 
If f lies in the plane of the Earth's dipole axis, the drift 1s in 
the azimuthal direction. We now list the possible sources of f±. 
Magnetic Field Gradient — A dipole field is Inhomogeneous and 
has a gradient vB which has a perpendicular component. A particle of 
dipole moment y is subject to a force of 
f± = - y VjB 




1 v,B (I.C.22) 
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whence 
VDM = " <E s i n 2 o ,'i 6 x 8)/qB3 (I.C.23) 
In the equatorial plane 
B = 0.31/r3 Gauss (I.C.24) 
and 
VjB = dB/dro = -3B/ro (I.C.25) 
In the location of stronger B, the radius of curvature is smaller, and 
this results in sideways drift perpendicular to B. In this case the 
particle's kinetic energy remains constant provided the variations of 
B over a gyro orbit 1s small i.e., 
p v B/B « 1 . 
Magnetic field gradient drift is dependent upon the particle energy, 
charge, and the pitch angle. In the Earth's magnetic field protons 
drift westward, and electrons eastward. 
Perpendicular Electron Fields — For an electric field we have 
and 
v"DE = | x B/B
2 (I.C.26) 
This drift is independent of particle charge, mass, and energy, and 
depends upon the electro-magnetic field configuration. 
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Field Line Curvature — The curvature of dipole field lines 
produces a centrifugal force on the particle moving along it. This 
force is 
f ± = m v2/Rc (I.C.27) 
and 
v"DC = (m v
2 Rc x B)/qB
2 R2 (I.C.28) 
From Wentworth (1960) and Roederer (1970), for a field with negligible 
currents v x B = 0, the relation between the field gradient and 
curvature 
1/RC = v^/B, Rc/Rc = -Rc ^B/B (I.C.29) 
leads to 
^DC = - (2 E cos
2o v^B x 6)/q B3 (I.C.30) 
Gravity Driven Drift 
v ^ = m g x fi/q B 2 (I.C.31) 
and the time dependent electric field driven drift 
^D1 = m iL/q B 2 (I.C.32) 
are smaller than the other drift velocities and are Ignored. 
In summary the total drift velocity 1s the sum of the three 
major drift velocities. 
151 
^ = %M + ^DE + V 
7 7 
E sin a V,B x B 2E cos o V,B x B 
-1 , £ xB L 
qB3 B 2 qB3 
mv, B x v,B mv* 8 x v,B 
_± i_ +
 l B x t 
2 qB3 qB3 B2 
-^ (v2 + 2v2) B x v B - ^ ^ 
2qB; 
3 (sin2a + 2 cos2a) B x v±B - -^-^ 
mv2 , .  
2qB 
-^2 x I-qf + | (1 + COS2a) viB] (I.C.33) 
qB 
The bounce average drift frequency is obtained by dividing the angular 
drift per bounce by the bounce period. 
6E W O -1 
< 2 i r WDB > =3"^ ( r a d" S } (I*C-34) 
q e o 
where 
[1 
s i n a„ /•, , _. 2. x _e « (1 + s i n x) 
ft, x r
xm cos3x (1 + sin2x) . 2 cos6x . 
Q(a ) = J » T~Tf7 7~~im dx e o (1 + 3 s in zx) 3 / z „ _ s . n 2 a (1 + s i n S )
0 ' 5 ^ 
e 6 cos x 
Using Hamlin's (1961) approximation, 
<KO e' 
(I.C.35) 




 2 (0.35 + 0.15 sin afi) (I.C.37) 
^ e 0 
The bounce averaged drift period is given by 
1 ^ Be ro s < 0 
<w=4=~^""^^eT
(s) (I,C*38) 
and bounce averaged drift velocity is given 
2ltro 6E W O -1 
<VnR> = - — £ = „ g
b „ - T - \ (ms *) (I.C.39) 
DB < T D B > q B r s(a ) 
Both <WQ B> and < T Q B > depend slightly on the equatorial pitch angle. 
Hess (1968) gives the drift period 
T D B = 44/L E (minutes) (I.C.40) 
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for equatorial mirroring nonrelativistic particles, with E in MeV and 
L in units of Earth radii. In the case of an electron and a proton of 
the same energy, the proton drifts less than a factor of 2 faster than 
the electron. The drifts of oppositely charged particles 1n opposite 
directions tend to produce charge separation and a resulting azimuthal 
electric field which generates an outward drift velocity. Usually 
this charge separation is neutralized by ambient thermal charged 
particles. 
Particles at 2000 km near the equator will have the 
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Third Adiabatic Invariant ~ The constancy of y requires B to 
be constant, and the constancy of I requires that the particle drift 
along a well defined integral Invariant surface. If 
(Tp/B) if « 1 
field changes are small during a drift period, and a third adiabatic 
invariant is defined as 
* = J 6 • ds (I.C.41) 
which states that the magnetic flux * encompassed by the guiding drift 
shell of a particle remains constant. The flux invariance requires 
that if the geomagnetic field were to contract or to expand (as 
happens during geomagnetic storms) the integral invariant surface must 
change its size. During this process y and I also remain conserved. 
For a dipole field the magnetic flux encompassed by a particle shell 
defined by parameter L is given by (Roederer, 1970) 
9 = -1.953/L (Gauss R2) (I.C.42) 
All particles mirroring on the same dipole line have the same *. 
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I.D. MAGNETOSPHERE OF THE EARTH 
The magnetosphere is that part of the Earth's ionosphere where 
the geomagnetic field dominates the motion of charged particles. Due 
to the continuous flow of solar wind, the geomagnetic field lines get 
confined to a cavity, the sunward side of which is shaped like a hemi-
ellipsoid by pressure of the impinging supersonic solar wind. A rough 
estimate of the sunward side extent of the magnetosphere is obtained 
by equating the solar wind pressure with the pressure of the 
geomagnetic field as: 




where N = solar wind number density = 4 to 6 particles/cm , mp = 
proton mass, B = the equatorial magnetic field 0.311x10"4/L3 tesla, 
vsw = v e l o c i ty of solar wind particles = 300 to 400 km/s, y = 4* x 
10 weber/amp-m. With these numerical values, the dayside extends 
to ~ 8 to 10 Earth radii. 
D.l. Morphology of the Magnetosphere 
Referring to the morphological features in Fig. 32, the bow-
shock is the region where the solar wind makes the first impact, and 
the magnetosheath is the region where the Initially unidirectional 
solar wind plasma gets thermalized. The impinging solar wind "washes 
away" geomagnetic field lines in the antisolar direction for hundreds 
to thousands of Earth radii, Re. This extended portion of the 
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complex phenomena. The geomagnetic tail has an energy storage 
of ~ 3 x 10 1 5 - 3 x 1018 J (Lyons and Williams, 1980). 
The particles in the quasitrapped region cannot make a full 
drift around the Earth. The Earth's field lines are more compressed 
on the day side than on the night side. This makes particles drift in 
non-circular orbits. At L = 8.5 and beyond, there is a noticeable 
difference in compression at noon and midnight (Hess, 1968). This 
day-night effect causes splitting of L-shells (at L = 8, AL = 1.0) 
resulting in particle losses to the geomagnetic tail and through the 
day-side magnetosphere. 
Beyond the geomagnetic tail, magnetic field lines either close 
through the equatorial plane (closed model) or merge with 
interplanetary field lines (open model). Since the field lines in two 
halves of the tail originate from the polar caps of the Earth, there 
must be a region of field reversal 1n between. This region is called 
the neutral sheet. Since the magnetic field strenght near the neutral 
sheet is very low (< 5 nT), plasma tends to concentrate in this region 
between the two halves of the geomagnetic tail. Thus, the neutral 
sheet is Immersed in a plasma sheet which may be a repository of 
plasma of Interplanetary origin. The particle energies of the plasma 
1n the plasma sheet are 0.1 to 10 keV with number densities of 0.1/cm3 
or more. Auroral electrons (1 keV) that precipitate into the 
atmosphere and excite auroral emissions (at a height of 100 km or 
more), originate from this plasma sheet. Hydrogen plasma from each 
polar ionosphere 1s believed to flow outward along field lines that 
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extend into the geomagnetic tail. This flow is known as the "polar 
winds". 
The Plasmasphere, a region of quite low energy particles 
(< 1 eV), lies within (centered at ~ 2 R ) the magnetosphere. The 
C 
2 3 proton density in the plasmasphere ranges from 1 x 10 to 1 x 10 
o 
protons/cm. It terminates at ~ 4 R at the plasmapause. The solar 
wind produces the "convection" electric field 
E = q(v x B) (I.D.2) 
which is directed from dawn to dusk. A typical magnitude of the 
convection electric field is 5 yV/cm (Brice, 1967). A radial 
corotational electric field is induced by the Earth's magnetic dipole 
field corotating with the Earth. Plasmaspheric particles are 
primarily controlled by this electric field drift. 
D.2. The Earth's Radiation Belts 
Throughout the inner magnetosphere there exists a region of 
trapped particles, called the radiation belts. The radiation belts 
extend from altitudes of a few hundred kilometers to nearly 10 Re. 
The lower limit 1s set by the atmospheric losses, whereas the upper 
limit by the magnetic field distortions preventing particle drift 
around the Earth. 
Radiation belt particles whose energy range from keV to many 
MeV, represent significant energy 1n the magnetosphere (2 x 10 1 5 to 2 
x 10 1 8 J). The superposed fields from the dipole moments of the 
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individual trapped particles must not exceed - 10% of the trapping 
field for trapping to be successful. The gradient and curvature 
drifts of the radiation belt particles constitute a current encircling 
the Earth, called the ring current. 
D.3. Trapped Particles in the Radiation Belts 
The trapped particle population consists of electrons and 
nuclei. Protons are the dominant species among the nuclei. Protons 
are distributed through the region L = 1.2 to 8, with the peak flux 
contained within the equatorial plane around the minimum magnetic 
field position. Energy spectra of these protons get softer with 
increasing L. The average energy of trapped protons decreases with . 
increasing L. Trapped protons of lower energies have a peak flux at 
higher L shells than do protons of higher energies (Haymes, 1971). 
Electrons are the most abundant species 1n the high energy 
radiation belt. Because of the presence of positive thermal Ions, the 
predominance of electrons do not produce a negative charge in near-
earth space. The electron flux surpasses the proton flux of energy 
Ep > 0.1 MeV in 1.2 < L < 3.5. Further, the electron flux 1s quite 
variable with time. 
There have been Investigations to measure the flux of Z > 2 
particles in the radiation belts and to find their fluxes relative to 
the proton flux. An early measurement on the Injun-4 spacecraft 
during March and April, 1965, by Krimigis and van Allen (1967), of the 
helium ion flux in the energy range 2.09 to 15 MeV/1on (0.52 to 3.75 
MeV/nucleon) and of the proton flux in the energy range 0.52 to 4 MeV 
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indicated that peak energy integrated fluxes (at equal energy per 
nucleon) were 2.8 x 101 and 1.24 x 105 ions/cm-s-sr for helium ions 
and protons respectively, at L ~ 3 and B - 0.19 Gauss. This gives the 
ratio of the differential intensity of the two species as 
J(He)/0(p) ~ 2.3 x 10 at equal energy per nucleon. 
The measurement by Fennell et al. (1974) with spacecraft 0V1-19 
in 1969 of helium ions in the energy range 0.85 - 9 MeV/ion, and 
protons in the energy range 0.166 - 10.6 MeV in the L shell range 2.3 
to 3.4 and B/Be range 2.28 to 8.48 indicated that J(He)/J(p) varied 
from - 1 x 10"1 at L = 3.35 ± 0.05 to 3.5 x 10"3 at L = 2.35 + 0.05. 
The cause of the observed variation of the flux ratio (at equal total 
energy) is unknown. 
When compared at equal ion energy per nucleon (E/A) or per 
ionic charge (E/Q), all heavy ion energies are shifted downward by 
factors of A or Q respectively and lighter ions are favored over the 
heavier ions, if ion spectra have negative slopes. Comparison of 
equal ion energy per nucleon shows that in the energy range 0.125 to 
1.25 MeV/nucleon and L = 2.25 to 5, the ratio J(He)/j(p) is 
- 1 x 10"4 to ~ 2 x 10"3 (Spjeldvik and Fritz, 1983). 
Comparison at equal total ion energy shows that CNO ions 
apparently dominate (ratio > 0.2) at E = 1.82 to 4.8 MeV/ion and at 
L > 4 and then become vanishingly small (ratio < l x 10"4) below 
L ~ 2.5 (Spjeldvik and Fritz, 1983). Comparison at equal 1on energy 
per nucleon under the assumption of the dominance of oxygen Ions shows 
that at - 100 keV/nucleon, j(CN0)/j(p) ion flux ratio 1s 1 x 10"6 at L 
= 5, 2 x 10"6 at L = 4, 9 x 10"6 at L = 3 and 4 x 10"6 at L = 2.5. 
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Even if carbon ion flux dominance is assumed, the ratio remains within 
1 x 10"6 to 1 x 10"5 (Spjeldvik and Fritz, 1983). 
Thus, the relative abundance of the ion species shows that at 
equal ion energy per nucleon, j(He)/j(p) ~ 1 x 10"4 to 2 x 10 , while 
J(CN0)/j(p) ~ 1 x 10"6 to 1 x 10"5. On the other hand, comparison at 
equal ion total energy shows j(He)/(p) varies from < l x 10"4 at E < 1 
MeV/ion and L < 2.5 to > 1 x 102 at E > 3 MeV/ion and L > 5. The 
J(CN0)/J,pv varies from < 2 x 10"
4 at E ~ 3 MeV/ion and 
L < 2.5 to > 10 at E ~ 3 MeV/ion and L > 5. In these comparisons both 
helium and CNO can be the dominant radiation belt ion species at high 
energies in the outer radiation belt. 
Comparison of quiet time fluxes of different ion species at 
L > 1.5 generally shows increased dominance of protons over heavier 
ions with lower L-shells (Farley and Walt, 1971, Hovestadt et al., 
1972; Valot, 1972; White, 1973; Valot and Engelmann, 1973; Clafin and 
White, 1974). 
Thus, the most abundant species among the trapped nuclei in the 
radiation belts is protons. 
D.4. Sources of Radiation Belt Particles 
A comprehensive answer to the origin of radiation belt 
particles 1s not known yet. However, it 1s believed that the main 
source of magnetospheric ions are the galaxy, the sun, and the 
ionosphere. Cosmic rays incident on the Earth's atmosphere undergo 
nuclear Interactions. The backscatter products Include many 
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neutrons. The free neutrons decay on a time scale of - 1000 seconds. 
This source contributes to protons in the energy range 10 to 100 MeV, 
and electrons of energy < 800 keV 1n the inner zone (L < 1.5). 
Solar wind and solar flare particles (5 to 70 MeV) flow past 
the Earth. Some of these particles may enter the magnetosphere 
through the outer region of the magnetosphere to the stable trapping 
region. When the heliospheric magnetic field is directed southward, 
this process may be favorable. During geomagnetic storms, direct 
transient injection of solar energetic particles may also occur 
(Spjeldvik and Rothwell, 1983). 
Particles from the polar ionosphere flow into the magnetotail, 
following magnetic field lines. Some of them become energized and are 
injected into the trapping region. Intermittent auroral electric 
fields may have significant components along the magnetic field, which 
can accelerate ions and electrons to kilovolt energies. 
Magnetospheric substorm processes convect plasma sheet 
particles inward toward the earth. In this process the particles can 
be accelerated and may be trapped in the radiation belts. But the 
quantitative evaluation of this process 1s not yet possible. 
The reversal of the magnetic field direction across the current 
sheet, and the direction of the "convection" electric field from dawn 
to dusk, favors the entrance of magnetosheath ions into the 
magnetosphere through the low-latitude pre-dawn flank (Schulz, 1983). 
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D.5. Transport Processes in the Radiation Belt 
The magnetospheric transport processes are carried out through 
1) convection, 2) stocastic processes, 3) field fluctuations, 4) 
radial diffusion, and 5) pitch angle diffusion. 
The convection electric field, mentioned earlier, controls the 
flow of < 1 keV particles. Their motion approximately follows the 
equipotential contours of electric field which are closed curves near 
the Earth and are open to the magnetopause at greater distances. 
The trapped particles are subject to disturbances due to 
fluctuations in geoelectric and geomagnetic fields, and also are due 
to interactions with plasma waves, exospheric neutral hydrogen, and 
low energy plasma particles. Due to randomness of these processes, 
the effects can be described by stocastic analysis, which can be 
reduced to radial diffusion and pitch angle diffusion. In radial 
diffusion, the particles are carried radially outward or inward. In 
pitch angle diffusion, the mirror points of the particles are changed, 
and may fall Into the loss cone. 
I.E. RING CURRENT 
Gradient-curvature drift of radiation belt particles results in 
a westward electric current called the ring current. During 
geomagnetic storms, the population of radiation belt particles at 
energies ~ 1 to 800 KeV is substantially Increased in the L-shell 
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range 3 to 6. Consequently, the ring current is intensified and 
magnetic perturbation at the Earth results. A simple explanation for 
the radiation belt inflation, as given by Lyons and Williams (1980), 
is that during geomagnetic storms particles in the outer belt may be 
acted upon by an electric field which can transport them to lower L-
shells on a time scale to preserve the first and the second adiabatic 
Invariants, but not the third adiabatic invariant. An equatorially 
mirroring particle's energy is enhanced by a factor of ~ 5 If it is 
transported from L = 5 to 3. For a power-law spectrum like 
J(E) = (f-) _ U (I.E.I) 
o 
with u = 3, it will mean a flux enhancement by a factor of ~ 125 at 
fixed energies. At a fixed L shell, the flux Increase will be even 
greater 1f the pre-storm distribution was falling off with decreasing 
L-shell, and smaller if the distribution was increasing with 
decreasing L-shell. 
The total perturbation produced at the Earth's center due to 
the trapped particles can be calculated from consideration of 
gradient-curvature drift and bounce motion of a single particle and 
then summing over Individual particle magnetic perturbation due to the 
motion of a single particle of energy E (Dessler and Parker, 1959) 1s 
B/Bs = -2/3 (E/UM) (I.E.2) 
where B s = Earth's surface field, and 
UM = 1/3 (B
2 r3) (I.E.3) 
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It requires 4 x 10 5 Joule of particle kinetic energy to produce a 
surface magnetic field perturbation of ~ 100 nT. 
I.E.I. Composition of Ring Current 
Recent measurements (Gloeckler et al., 1985; Krimigis et al., 
1985) reveal that both ionosphere and solar wind contribute ions to 
the ring current. In the storm-time ring current, ionospheric 
contributions like 0 + are substantially larger. It is found that 
solar wind origin ions increase with increasing L (Gloeckler, et al., 
1985). The contribution of ions heavier than protons to the quiet 
time ring current is insignificant. During the September 4, 1984 
geomagnetic storm, large increases in the Intensities of all ion 
species ~ H+, He+, He"1-*", 0 + were observed (Krimigis et al., 1985) 
over most of the energy range ~ 100 eV to 5 MeV, the relative 
enhancement being dominated by oxygen Ions. During quiet and storm-
time, and during main and recovery phases, protons of energy > 50 keV 
dominated the energy density with a peak in the range ~ 100 to 300 
keV. During the main phase oxygen contributed - 27% of the total 
while helium < 2%. The peak energy density of the storm-time ring 
current appeared to be in the range 3.2 < L < 4. 
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I.E.2. Loss of Ring Current Particles 
Ring current particles are lost principally through charge 
exchange interactions with the exospheric thermal neutral hydrogen. 
The life-time against charge exchange is given 
T " n(rQ) J10<E)v <
K E' 4> 
where T = mean lifetime of protons or other ring current species 
confined to the equatorial plane, n(r0) = exospheric hydrogen in the 
equatorial plane, v = velocity of the 1on, OIQ(E) = charge exchange 
cross section of the ion with neutral hydrogen atom. The cross 
section is a function of energy. 
For particles mirroring at a latitude xM the charge exchange 
lifetime is given by 
T M = T cos (x M)
n (I.E.5) 
Early work of Liemohn (1961) showed i = 6, using the values of n(rQ) 
and °i0(
E) available at that time. With better values of n(rQ) 
and C N Q ( E ) , Smith and Bewtra (1976) have shown 
1 = 3.5 ± 0.2 (I.E.6) 
which indicates that the off-equatorially mirroring particles do not 
charge exchange so rapidly as was thought previously. Cowley (1977) 
also obtained a nearly Identical result. 
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Smith et al., (1981), assuming a multi-ion ring current 
composition, made a best fit charge exchange decay analysis of the 
recovery phase of the February 24, 1972 geomagnetic storm. Best fit 
charge exchange lifetimes were essentially those of H+, 0+, and He+. 
The energy of the ions were in the range ~ 6 to 26 keV, and the L-
shell value was 3.5. Thus, charge exchange appears to be a major loss 
process for a multi-ion ring current. 
Another method of ring current particle loss 1s the pitch angle 
scattering caused by the intense ion cyclotron wave turbulence 
generated by the interaction of ring current particles with the cold 
plasma of the plasmasphere (Cornwell et al., 1970). Williams and 
Lyon's (1974a,b) work supports Cornwall et al.'s (1970) prediction of 
this as a weak loss process. Further, Williams et al. (1976) showed 
that pitch angle scattering is an efficient way of ring current energy 
deposition into the atmosphere. 
Thus, the main loss mechanism of ring current particles is the 
charge exchange Interaction. 
I.F. THE EARTH'S ATMOSPHERE 
The Earth's atmosphere has a dominant role 1n shaping the 
boundaries of the magnetosphere. The cut-off altitude of the trapped 
charged particle environment is set by the low altitude dense 
atmosphere. Further, the atmosphere acts as a sink for energetic 
trapped particles which have long Hfe-tlme and which can be lost 
through atmospheric ionization and nuclear interactions. On the other 
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hand, higher altitude tenuous atmosphere acts as a storehouse of 
charged particles created as a result of Impinging solar radiations of 
various frequencies. Solar radiation also changes atmospheric 
densities. For this Appendix we briefly discuss the structure of the 
atmosphere, density changes of the atmosphere due to solar radiations 
and other factors, and the atmospheric density experienced by the 
trapped particles. 
I.F.I. Composition and Layers 
The sea-level constituents of the atmosphere are nitrogen, 
oxygen, argon, and helium which have abundances of 78.11%, 20.95%, 
0.93%, and 0.00052%, respectively, by volume. The mean molecular 
weight, temperature, density and pressure are 28.96, 300°K, 0.001 
gm/cc, and 76 cm of Hg (1000 mb) respectively (Kane, 1976, Bank and 
Kockarts, 1973, Jacchia, 1977). Fig. 33 presents the number densities 
of atmospheric constituents as a function of altitude. From ground 
to ~ 100 km, all the atmospheric constituents are mixed well because 
of atmospheric turbulence, and have a mean molecular mass of ~ 30. 
This region 1s called the Homosphere. Within ~ 100 to 450 km, 
turbulent mixing 1s less effective, and diffusive separation exists. 
Gravitational diffusive separation becomes efficient and lighter gases 
move above the heavier ones. This region 1s called the 
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around 300 km. In the thermosphere, (so-called because of very high 
kinetic temperature), the temperature reaches around 2000°K during 
period of active sun. Fig. 34 shows the atmospheric temperature 
profile during periods of quiet and violent sun. Above the 
Thermosphere, tenuous atmosphere contains mostly hydrogen. This 
region is called the Exosphere. The base of the Exosphere lies where 
the mean free path equals the atmospheric scale height. The 
temperature is relatively independent of altitude in this region. 
Both the Plasmasphere (a belt of low energy particles) and the 
radiation belts fall within the Exosphere. 
I.F.2. Barometric Law and Exospheric Hydrogen Escape 
The barometric law of density variation is 
n = n0 exp(-h mg/kT) (I.F.I) 
where nQ = boundary number density, h = altitude, m = mass of a given 
constituent, g = acceleration due to gravity, k = Boltzmann constant, 
and T = temperature (°K). The quantity 
Y = kT/mg (I.F.2) 
1s called the atmospheric scale height. If this quantity remains 
constant throughout the altitude range of interest, the atmosphere is 
Isothermal and its composition does not change (or else m would 
change). The scale height expression states that an atom of mass m at 
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in the gravitational field. At low altitude up to 120 km, the scale 
height and composition remains almost constant, air motion provides 
good mixing of the constituents. Above 120 km, atmospheric pressure 
decreases, and gravitational diffusive separation comes into play. At 
high altitudes, each atmospheric constituent has a different scale 
height. In the Exosphere, Y is very large, and the main constituent, 
hydrogen, can thus escape Into space. The escape velocity is given 
by 
vesc = ^ ° " 5 < L F' 3> 
where G is the gravitational constant, M is the mass of the Earth, and 
r is the radial geocentric distance. 
The rate of loss at any r can be found by integrating the 
Maxwell-BoItzmann distribution (Jeans, 1923; Jones, 1923; Spitzer, 
1952) for average outward directed velocities in excess of V e s c (11.2 
km/sec). 
O=TI/2 2 
F = / / f v cos© d(coso) • v dv (I.F.4) 
Vflcr 0=0 esc 
where 
f • " c ' ^ ) 3 ' 2 e xP(-^r> ' :-F-5) 
The integral yields 
n r 2 k T r 1/? 
F = -T72 <-TT> ' ( 1 + xc> exP("xc> ( I - F * 6 ) 
2v 
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where the subscript denotes the quantities at the critical level rc 
(the exobase altitude above which collisionless atmosphere prevails) 
and 
Ac(rc) = GMm/k Tc rc (I.F.7) 
Fig. 35 is a plot of the logarithm of the escape rate per particle 
(mean vertical velocity) versus temperature Tc for hydrogen and 
helium. In view of the variation of nr(r ), F is weakly dependent on 
*» c 
rc. The exact value of the critical level rc is not important in the 
calculation of escape rate (Hunten, 1973a,b). For x < 2, the escape 
rate takes the form of hydrodynamic expansion i.e., rapid radial 
outward flow of gas. Also the escape rate depends on the supply of 
atoms in the lower atmosphere. For a sufficient supply of atoms from 
lower atlitutdes, nc is determined by diffusive equilibrium. For a 
weak supply, the escape rate is determined by the supply from the low 
altitudes. 
Table VIII gives the mean atomic hydrogen number density [H] 
(Tinsley, 1976) as a function of L-shell at the equator at an 
exospheric temperature of - 950 K. 
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I.F.3. Changes in Atmospheric Density 
Atmospheric density undergoes several classes of variations 
(Jacchia, 1977). These are (1) variation with solar activity, (2) the 
diurnal variation, (3) variation with geomagnetic activity, (4) 
seasonal-latitudinal variations, and (5) the semiannual variation. Of 
these variations, the discussion of the first three serves our 
purpose. The other two have long-term effects, and their discussion 
will be omitted. 
The solar ultraviolet radiation consists of a disk component 
and an active-area component. The F10.7 solar radio noise flux 
represents the Extreme Ultraviolet (EUV) solar radiation that heats up 
the upper atmosphere and is used because F10.7 can be measured on the 
ground while EUV cannot. The 2800 MHz radio emission or the 10.7-cm 
solar flux F is measured in units of 1 x 10"22 W/m2 Hz. The observed 
values of F have variations resulting from the eccentric path of the 
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Earth around the Sun. An adjustment of the flux values are made for 1 
A.U. (average Sun-Earth distance). Fig. 36 shows the variation of the 
monthly average solar flux F (adjusted to 1 A.U.) from 1966 to 1982. 
When the 10.7 cm flux increases, there is an increase in the 
temperature of the thermosphere and exosphere. Figure 37 shows the 
variation of exospheric temperature with the smoothed or 
averaged F over a few solar rotations. The exospheric temperature 
affects the atmospheric density to varying degrees depending upon the 
altitude. Fig. 38 shows the temperature-density variation picture at 
different altitude levels. 
The global distribution of exospheric temperature shows a night 
time minimum in one hemisphere and a day time maximum in the opposite 
hemisphere. The temperature is maximum at 17:00 hour local solar 
time. Fig. 39 is the plot for temperature versus local solar time 
(LST) at the equator at the time of equinoxes when the arithmetic mean 
Tl/2 of n i 9 n t time minimum TQ and day time maximum TM of the 
exospheric temperatures 1s 1000 K. Each of the four major components, 
N2, Ar, 0, and He, shows maximum density at a specific hour of the day 
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density at 8:00 hr, 13:30 hr, 14:30 hr, and 15:00 hr local time, 
respectively. At 1000 km, He shows a maximum density at ~ 14:30 local 
solar time, and the rest of the constituents at ~ 15:30 hr local 
time. 
The above two variations of atmospheric density hold only if 
Kp = 0. If Kp is not zero, geomagnetic activity produces a 
temperature increase which depends on magnetic latitude. Exospheric 
temperature is sensitive to the geomagnetic index Kp (Jacchia, 
1977). A small rise in Kp (~2) has the effect of pushing the 
temperature maximum to the polar regions at the time of equinoxes. 
During that time, if Kp rises from 0 to ~ 2, the shift in temperature 
maxima is ~ 60 degrees in latitude and the rise in temperature 
is ~ 100°K. For a K_ rise from 2 to 5, the temperature rise 
is ~ 250°K. If Kp rises from 5 to 9, the temperature rise is 
by ~ 700°K. Equatorial exospheric temperature remains unaltered. 
I.F.4. Atmospheric Density Experienced by Trapped Particles 
A trapped particle in the geomagnetic field experiences varying 
degrees of atmospheric density in the course of Its cyclotron, bounce 
and drift motions. In cyclotron motion, the particle sees denser 
atmosphere when it 1s below the guiding field line than when it 1s 
above the field line. The density variation 1s appreciable, 
particularly, when the gyroradius of the particle is greater than the 
atmospheric density scale height. The gyroradius at the equator for a 
1 MeV proton of 90° equatorial pitch angle at ~ 250 km altitude is ~ 9 
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km, whereas the scale height at the lowest altitude of particle 
trapping (- 150 km) is ~ 18 km. A proton of less than 90 degree 
equatorial pitch angle will mirror at off-equatorial points in which 
case it will have a smaller gyroradius. At the equator, and at an 
altitude of ~ 150 km, a proton of ~ 13 MeV will have a gyroradius 
comparable to the scale height of ~ 18 km. 
In bounce motion a trapped particle experiences even more 
density variation in its journey from the equator to the mirror 
point. The density variation depends on its equatorial pitch angle 
and on the L-shell to which it is tied. A particle with a high L 
value and a low equatorial pitch angle will have the largest density 
variations. The bounce average density is independent of particle 
energy, and is a function of particle pitch angle. It is defined as 
*2 
L ndl 
n * I v c o s a ( L F > 8 ) 
f 2 dl 
\ v cos a 
*1 
where the limits of integration are between the mirror points a, and 
%2> The weighting factor 
dl 
V COS a 
stands for the time the particle spends at a latitude x. Using Eqs. 
(I.A.19a), (I.A.19b), and 
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^ = 2 rQ cos x sin x (I.F.9) 
we can convert the limits of integration to latitude x. The final 
expression becomes 
m9 
J A(x) n(x) dx 
ml n = - j — (I.F.10) 
m« 
J£ A(x) dx 
m 
where 
«,.x rono (4-3 cos x) sinx cosx 
" v 7 n e iA * , J a 0 . 5 r n c6, 0.5 (l-cos2x)0'5 (1 . i*=3ws_x) cos \ . -) 
cosbx (4-3 cos^r*5 
and 
(I.F.11) 
n(x) = n 0 exp(-Y) (r cos
2x - R )) (I.F.12) 
The integral (I.F.10) can be evaluated numerically. 
In drift motion, a trapped particle of a given equatorial pitch 
angle comes down to different altitude levels at different longitudes 
around the globe, because of the asymmetric distribution of mirror 
points about the magnetic equator. The South Atlantic Region 1s 
characterized by magnetic field even lower than the equatorial value. 
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This causes the mirror points to dip down into the atmosphere, and the 
particles experience denser atmosphere compared to mirror points 
elsewhere. For drifting particles, the density has to be averaged 
along the drift trajectory. Low energy particles at low altitudes 
cannot make a full drift; they are trapped only in the sense that they 
can complete bounce motions. Their life-time is of the order of 
several bounce periods. 
For quasi-trapped particles, bounce-averaged density is the 
best representation of the local density they experience in their 
life-time. Sometimes, it is useful to work in an equivalent oxygen 
atmosphere. The number densities of all the six constituents may be 
combined to give the equivalent number of oxygen atoms. The average 
density for the equivalent oxygen atmosphere is defined by 
8n = 14n(N2) + 8n(0) + 16n(02) + 2n(He) + n(H) + 18n(Ar) 
(I.F.13) 
all expressed in units of cm"3. 
I.G. PARTICLE DISTRIBUTION FUNCTIONS 
Here we briefly cite the Llouville Theorem which relates to the 
phase space density of particles, and also briefly mention the spatial 
distributions, viz. equatorial pitch angle distribution and the mirror 
point density distribution. 
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I.G.I. Liouville Theorem 
The Liouville Theorem helps to understand certain features of 
trapped particles. It states that in the absence of sources and 
losses, the phase space density of particles is constant along a 
particle trajectory. The element of volume in phase space is: 
dx dy dz dpxdp dp2 
If dN is the number of particles in the volume, then according to the 
Liouville Theorem 
d N = constant (I.G.I) 
dx dy dz dpx dpy dp2 
Taking the polar axis along the direction of velocity 
v dt = dz (I.G.2a) 
dA = dx dy (I.G.2b) 
7 2 
p^d pdn = p dp sin e de d* = dpxdpydp2 (I.G.2c) 
dE = v dp (I.G.2d) 
where da 1s the element of solid angle, dA is the element of area 
normal to the velocity vector, and p and v are constant for a static 
magnetic field. The above equation becomes 
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d4N/(dA v dt p 2 dp dn) = j/p (I.G.3) 
where j has the unit of differential flux. So, the Liouville theorem 
states that differential particle flux remains constant along a 
particle's orbit, i.e., 




I.G.2. Spatial Distribution 
There are three equivalent ways of describing the spatial 
distribution of magnetospheric particles. Under the conditions of 
adiabatic theory, the particles stay on the same L shell as they 
move. So, we need to consider particles on one field line at a time. 
Equatorial Pitch Angle Distribution - Measuring the angular 
distribution of particle flux at the equator j 0 (a ) , we get a 
complete description of the flux distribution along a line. This 
distribution approximates some power of sin o , i. e., 
j 0 (ae) = sin
qae (I.G.6) 
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We use the conservation of first adiabatic invariant Eq. (I.C.6) to 
get the distribution at other latitudes. Measuring j 0 (o ) at off-
equatorial points does not tell anything about how many particles have 
large equatorial pitch angles and are mirroring closer to the equator 
than the site of the measurement. 
Mirror-Point Density Distribution - The number of particles 
mirroring per unit volume along a field line at latitude x is the 
mirror point density, M(x). If M(x) is measured all along a field 
line, we get a complete description of the particle distribution. 
M(x) can not be measured directly; however, it can be obtained from 
the equatorial pitch angle distribution j 0 ( O , or from the 
7 1 
measurement of perpendicular flux j1(B) in (cm-sr-s) at the point 
of observation. Hess (1968) gives the following relations 
ut^\ - B i t„ \ \ s i n x (3 + 5 sin x) , ,T r 7, 
M(x) - - 2 — j Q (« ) I 2 ^in2xS/2
] (I'G,7) 
o cos x (1+3 sin x) 
2 2 3/2 
j x = "(x)v (cos x (1+3 sin x) . (, fi 8) 
Ji 6, (1.3 - 0.56 sin «e) sinx (3+5 s i n 2 x ) 
I.H. PARTICLE FLUX 
The measured, particle flux can be unidirectional or 
omnidirectional, depending on the detector. We discuss below, both 
kinds and their relation with other relevant functions. 
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I.H.I. Unidirectional Flux 
At any point in space, the direction of the particle's velocity 
vector can be specified by the polar angle a and the azimuth <t>, with 
respect to a spherical coordinate system with the polar axis along the 
magnetic field direction. Then the number of particles dN which pass 
through an infinetesimal area dA perpendicular to the direction a,4>, 
during a time interval dt with kinetic energy between E and E + dE, 
and with a velocity direction within a solid angle interval do about 
the direction is given by 
dN = j(a,4>,B,E)dt dA dE dfl (I.H.I) 
where j(a,<j>,E) is the unidirectional flux. Because of the rapid 
cyclotron motion which makes it possible to observe a particle with 
any azimuth angle «t>, j(a,E) is independent of $. The unidirectional 
flux must display the symmetry 
j(a,B) = j(7t-a, B) (I.H.2) 
since every particle passes through any point with both a and w-a. 
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I.H.2. Omnidirectional Flux 
The omnidirectional flux at some point in space is defined as 
the integral over all solid angle of the unidirectional flux at that 
point. 
2TI TI 
J(E) = J" d* / j (o,d.,E) sin a da (I.H.3) 
0 0 
J(E)dE represents the number of particles which would pass through an 
Infinetesimal sphere, placed at the observation point, per unit time 
per unit cross sectional area of the sphere with kinetic energy 
between E and E + dE (Roberts, 1965). 
The omnidirectional flux J(x) at all points along a field line 
also completely describes the particle population on a field line. It 
1s related to the pitch angle distribution j at the point of 
measurement by 
J(x) = 2 J j, (oJ 27tsin o, dx (I.H.4) 
f\ A A A 
The factor 2 comes from the fact that particles are moving 1n both 
directions along the field line. Hess (1968) gives the following 
relation between the omnidirectional flux and the equatorial pitch 
angle distribution J0(<O 
J(x) = - ^ J""1 V a e > fi(ae
)/f2(ae> d ae (I*H*5) 
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where 
•l = sin_1 ' fif 
_ — 
fj(ae) = sin ae • 1-sin a( 
and 
f2(ae) = / 1 - 0 sin
2 
e 
J(x) can be obtained from j 0 but the reverse case is not simple. 
Lencheck et al. (1961) devised a matrix inversion technique to get j 0 
from J. The relation between the mirror point density and J(x) as 
given by Hess (1968) is: 
Xo iw, ,x -, B, cos6x' 
j(x) = 4rQ Bx J ^p- cos7x' [1 _x , - J ~ ° ' 5 dx' • 
(I.H.6) 
x B Byl + 3 sin2x' 
e 
Valot and Engelmann (1973) give the relation 
J(a,ft) = K(^)q/2 J 2TT sinqa (sin o - sinqaL) da + 2nC 
aL 
(I.H.7) 
where a is the pitch angle, a, is the half angle of the loss 
cone, a 1s the position of the point P along the L shell were the 
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field is B, C is the constant flux inside the loss cone, and K is one 
of the parameters like aL, q, and C. 
Miah et. al. (1988) devised a semianalytical way to calculate 
the efficiency function (vide Appendix II.B) of a given detector, and 
showed how it can be used in association with the pitch angle 
distribution function and differential flux to get the instrumental 
counting rates. 
APPENDIX II.A. 
BACKGROUND COSMIC RAY FLUX 
A.l. CUT-OFF RIGIDITY 
The cut-off energy of the cosmic ray particles at the altitude 
of the satellite can be obtained from the relation given by Heinrich 
and Spill (1979). The cut-off rigidity Rs for cosmic ray particles 
impinging the detector at an azimuth angle <t> measured from East to 
North, at a zenith angle e, at the geomagnetic latitude x at the 
geocentric distance r is given by 
Rs = 2
 M
 4 [1 + (1 - sin e cos <f cos x
3) 0* 5)]" 2 (A.l) 
r cos x 
where M is the dipole moment of the Earth. The energy per nucleon 
corresponding to this cut-off rigidity is obtained from 
Es = l(mpc
2)2 + R2 A 2 ] 0 * 5 - m pc
2 (A.2) 
2 
where m c is the proton rest mass, and 
A = ^ (A.3) 
1s the charge to mass ratio. At the geomagnetic equator typical 
allowed proton energies are 14.9 GeV. 
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A.2. Energy Loss at Minimum Ionization 
The minimum ionization of protons in Silicon occurs at 
Emin - 2-175 G*V 
and the energy loss is 
E l o s = 1.6758 MeV/gm - cm"
2 
= 3.9046 x 10"5 MeV/y . 
Energy deposition beyond this energy increases logarithmically and is 
nearly flat for protons. For our approximate results, we can take 
this value of energy loss at higher energies. For other nuclei (C, 
Fe) we can scale up the energy loss using the relations 
<£-> - z2<ar> 
ax Z * 1 ax p 
E = AE„ E = En 
P P 
The GeV energy range cosmic ray nuclei can deposit enough energy to 
trigger any of the rates - ML, MM, and MH. Depending on the species 
of particles, the angle of incidence can vary from 0° (vertical) to 
90° (grazing). 
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A.3. Polar Angle of Incidence and Geometric Factor 
We now estimate the range in polar angles within which a GeV 
proton can trigger ML. The minimum thickness that a proton has to 
transverse to deposit an energy beyond the threshold value is obtained 
from 
xm. = ^irs = 922>0 v 
mn 3.9046 x 10"q MeV/u 
where E t n r s is the ML discriminator threshold. The polar angle to 
make this slant height is obtained from relation 
X„^„ cos e = 40 . min 
This gives the minimum polar angle of incidence as 
*m,n = 87.5° . m m 
Thus the GeV protons with e = 87.5° to 90° can trigger the ML rate. 
The maximum energy deposition of 4.40 MeV occurs at e = 90° and would 
trigger the MM rate. 
We now need to calculate the geometrical factor for protons. 
This is defined as 
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G = J 3A-?(w) dw 
S 
J* cose dA dw 
S 
2i» 90o 
J d<i> J dA / sin e cos e d e 
0 87.5o 
90o 
2nA J* - cos e d(cos e) 
87.5o 
2 




nA x 1.90 x 10 cm - sr 
= 5.9 x 10"7 m2 - sr . 
A.4. Cut-off Rigidities and Energies for Different Directions 
We are interested in the cut-off rigidities at the geomagnetic 
equator from any direction (• = 0°, 90°, 180°, 270°, at the zenith 
(polar) angle to be estimated for each species, and at the altitude of 
the satellite. GeV range protons can trigger the ML rate nearly at 
grazing incidence, so we take zenith angle e = 90°. And at the 
geomagnetic equator, we have x = 0°. With these values, we have from 
Eq. (A.l) 
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Rs = *2 [1 + (1 - cos * )
0 * 5 ] " 2 . (A.4) 
r 
Putting 4> = 0° (East), 90° (North), 180° (West), and 270° (South), we 
find that the cut-off rigidity is symmetric in North-South directions, 
and asymetric in East-West directions. 
* = Oo, Rs = -^ . (A.5a) 
= 90o, R = 0 . 2 5 ^ (A.5b) 
r 
* = 180o, Rs = 0.17 ^_ (A.5c) 
r 
4> = 2700, R = 0.25 K (A.5d) 
r 
We take the altitude level H = 250 km. Then 
R3 
-f = 5.898 x 108 cm (A.6) 
r 
3 
Magnetic moment M = 0.311 Gauss R^ . 
«! % « 0.311 x 5.898 x 108 Gauss-cm 
e r2 
= 0.311 x 5.989 x 108 erg (esu of charge)"1 
= 1.145 x 1011 GeV (esu of charge)"1 (A.7) 
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For protons j - = 4.8 x 10" esu of charge This yield for <t> « 0°, 
R $A = 1.145 x 10
1 1 GeV (esu of charge)"1 x 4.8 x 10"10 esu of charge 
= 54.97 GeV. 
Similarly, 
R SA = 0.25 x 54.97 = 13.74 GeV for * = 90° and 270' 
R SA = 0.17 x 54.97 = 9.34 GeV for $ = 180
c 
From Eq. (A.2), we can calculate the cut-off energies. Using 
proton rest-mass energy = 0.938 GeV, we find the cut-off energies (e 
90°) given in Table IX. 
Table IX 
Direction Cut-off Energy (GeV) 
East (* = Oo) 54.97 
North (* = 90o) 13.74 
West (* = 180o) 9.34 
South (• = 270°) 13.74 
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So, we can consider the minimum ionizing protons which can hit the 
detector to be approximately above 9 GeV. We now need to know the 
differential energy spectra of cosmic ray (CR) nuclei in the energy 
above 9 GeV/nuclei. Fig. 40 shows the differential energy spectral of 
CR nuclei which are of the form ^ = kE"Y with Y = 2.7 for H, He, and 
C, and Y = 2.4 for Fe. The approximately calculated values of k for 
the four main CR nuclei are given in Table X. 
Table X 
Differential Energy Spectra . 
Species (nr - sr - s - MeV/nucleon)"1 
H 1.89 x 109 E"2*7 
He 6.31 x 107 E"2*7 
C 1.89 x 106 E"2'7 
Fe 1.19 x 104 E"2'4 
Integrating the proton energy spectra between 9 (lowest cut-off for 
the west direction) and 10 GeV (the highest value of energy given 1n 
Fig. 40), and then multiplying by the appropriate geometric factor, we 
find the background proton count rate to be 
Np = 1.35 x 10"
4 s"1 
An Increase of the higher energy limits has little effect on this 
result. 
i i i i uii| i i i i ini | i i i m n | i i i m n | i i i inn| 
1 
3 
-i • ' • ••••' i i i nun i i 11 I I I I I i i i i mil 1—i i i n n 
10' 102 103 104 105 106 w1 
Kinetic Energy (MeV/Nucleon) 
Figure 40 
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We can now calculate the counts per readout by multiplying by 
the readout time (4.096 sees). Multiplying the counts per readout by 
the approximate total number of passes (~ 3000), we can get the net 
cosmic ray background proton counts during the active lifetime of the 
mission. In the data analysis, for each of the passes considered, the 
number of counts per readout were averaged over a latitude bin of 1° 
wide, and on average, there were ~ 4 readouts per latitude bin in a 
pass. In all, we considered 137 passes over the equator; so, the 
product of the counts per latitude bin and 137 gives the total 
contaimination in our data from cosmic ray protons. For different 
purposes, we superposed several numbers of passes which can be used, 
in combination with the counts per latitude bin, to get the background 
contribution from protons. We show below these various numbers for 
protons. 
= 5.53 x 10"4 per readout 
= 2.21 x 10" 3 per readout per latitude bin (in a pass) 
= 1.66 in - 3000 passes during active lifetime 
= 0.30 in 137 passes. 
So, the data we are dealing with is free from any GeV energy cosmic 
ray proton background. 
In the same way the background contribution from He, C and Fe 
nuclei to ML, MM, and MH rates can be calculated. We present below 
the results 1n tabular form. Table XI shows range of polar angles and 













































nr - sr 
5.9 x 10'7 
9.45 x 10"6 
3.14 x 10"4 
3.14 x 10"4 
1.61 x 10"7 
1.27 x 10"5 
3.14 x 10'4 
1.10 x 10"8 
8.6 x 10"7 
3.14 x 10"4 




















1.37 x 10"4 
2.63 x 10"4 
2.62 x 10"4 
2.87 x 10'5 
4.5 x 10"6 
1.06 x 10"5 
2.07 x 10"6 
3.10 x 10"7 
7.15 x 10"7 
































3.81 x 10"3 
8.78 x 10"3 
0.02 
The abundances of other CR nuclei, viz. C, 0, F, Ne, Na, Mg, 
Al, Si, P, S, and Ca, Co, and Ni can be obtained from the abundance 
ratios of these nuclei to He and Fe, respectively. Since these ratios 
are less than a few tenths, it is not worth calculating the background 
count for these nuclei. So, the ML rate 1s Immune from any GeV range 
CR nuclei. 
APPENDIX II.B 
CALCULATION OF THE DETECTOR EFFICIENCY FUNCTION 
B.I. INTRODUCTION 
The definition and expression of the efficiency function and 
the expression for the particle count rate observed by a telescope 
have been Introduced in Chapter II. The complete 
description/derivation is preented 1n this appendix. 
The flux of magnetospheric particles is usually a function of 
energy (E), magnetic field (B), Mcllwain's parameter (L), pitch 
angle (a), latitude (x), longitude (<t>), and time (t). Since the pitch 
angle dependence is usually in the form of sinqa, which does not 
indicate equal number of particles from equal intervals of pitch 
angle, the calculation of flux j from counting rate N from the 
relation 
j = N/(Geometric Factor x A E ) (B.l) 
is incorrect in the sense that j represents an isotropic flux in which 
N is independent of the direction of incidence, and depends only on 
the size of the solid angle of acceptance. In Eq. (B.l), the 
geometric factor is in units of cnr - sr, and AE 1S the energy 
interval of the detector. Particle fluxes calculated using (B.l) from 
measurements of two different Instruments, can not be compared 
correctly because the very calculation of flux is wrong. 
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The observed counting rate of an instrument for a 
magnetospheric particle population in the pitch angle range 
a, to a2, and energy range Ej to E 2 during a readout time interval 
T is given by the integral over the incoming particle direction r of 
the product of the particle flux j (E, B, L, a, x, o>, t) with the 
detector area A exposed normal to the incident direction i.e., 
i T l7 
R = ^ j dt J" c dE Jdu. J dA • ?(w) j(E,B,L,a,x,*,t) (B.2) 
1 0 Ej n A 
We assume that the most general expression for flux is the form 
j(E,B,L,a,X,4.,t) = Jn(B,L,X,4»,t,q) • E"
b sinqa (B.3) 
where Jn is the normalization constant, which characterizes the actual 
particle population, sin^a is the pitch angle distribution, and E"b is 
the energy spectrum. Then the counting rate can be written as 
T E2 a2 
R = Jn(B,L,x,4.,t,q) y / dt / E"
b dE J da J dw J dA-r(a.) 
0 E. a, dn A 
,q sinMa (B.4) 
= Jn QG (B.5) 





G = J da J dw / dA • r (w) s1nqa (B.7) 
a, dft A 
We define the efficiency for a given pitch angle as the 
fraction of the associated space angle intercepted by the telescope 
cone, duly weighted by the perpendicular component of the exposed 
fractional detector area to the incoming particles of the given pitch 
angle. The efficiency function defined in this way is expressed in 
absolute units. 
Knowledge of the efficiency function is required for 
determining the absolute distribution of particles and for comparison 
of particle fluxes measured by two different instruments. Before we 
can show explicitly the expression for efficiency in Eq. (B.7) we need 
to set up coordinate frames, one of which will be in the detector 
itself. In the detector frame, we find the components of the incident 
vector, and also the components of the geomagnetic field vector. 
Rotation of the geomagnetic field vector is applied to achieve the 
latter objective. 
B.2. THE COORDINATE SYSTEMS AND 
THE UNIT TANGENT MAGNETIC FIELD VECTOR 
Two coordinate systems are set-up — the Earth-centered 
geomagnetic coordinate system (GCS) XYZ and the detector coordinate 






41. We have already defined GCS in Appendix I.A. In DCS, the O'Z' 
axis points along the telescope axis, which is tilted at an angle of 
2.35° to the local vertical direction, with the direction of tilt to 
right of an observer facing the direction of flight. O'X' lies in the 
orbital plane and points opposite to the direction of flight. The 
orientation of O'Y1 is chosen to make the coordinate system right-
handed . 
The equations of magnetic dipole field lines are used to deduce 
the expression for the unit tangent vector t along the magnetic field 
line at the observation point (r,e,<t>) in GCS. 
The equation of dipole field line is 
r = rQ sin2e (B.8.a) 
An elemental arc length along the field line is 
dl = [(dr2) + r2 (de) 2] 1 / 2 (B.8.b) 
= rQ[3 cos
2e + 1 ] 1 / 2 sin e de (B.8.c) 
The radius vector r is given by 
r = r[s1n e cos * i + sin e sin <t> j + cos e k] (B.8.d) 
In terms of rQ in Eq. (B.8.a), Eq. (B.8.d) can be written as 
3 " 3 " 2 * 
r = r [sin e cos * i + sin e sin <t> j + sin e cos e k] (B.8.e) 
whence d? is given by 
7 1 * 
dr = r 1(3 sin e cos e cos * de - sin e sin <t> d<t>) i 
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2 3 * 
+ (3 sin e cos e sin <t> de + sin e cos $ d<i>) j 
2 3 " 
+ (2 sin e cos e - sin e) de k] (B.8.f) 
The unit tangent vector at (r,e,<t>) is 
t = df/dl (B.8.g) 
Using the fact that 
d*/de = 0 (B.8.h) 
we can get from Eqs. (B.8.c) and (B.8.f) 
**\ /S A 
t = 3 sin e cos e cos <t> i + 3 sin e cos e sin « j 
+ (2 cos2e - sin2e) k]/[3 cos2e + 1J1/2 (B.8.1) 
Using the given values of e and <t>, we can calculate the 
direction cosines of t. At the dipole equator, the polar angle e 
is 90° and 
t = -k (B.8.j) 
which Implies that the magnetic field is directed along the negative Z 
direction. We write t as 
t = U 1 + V j + Wk (B.8.k) 
where, 
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U = 3 sin e cos e cos <t>/[3 cos e + 1] ' 
V = 3 sin e cos e sin <t>/[3 cos e + 1] ' 
W = [2 cos2e - sin2e]/!3 cos2e + U 1 / 2 (B.8.1) 
As is shown above, the unit tangent vector t is independent of r in 
the dipole field model. 
B.3. ROTATION OF THE UNIT TANGENT VECTOR t 
We apply a series of rotation matrices to align the goemagnetic 
coordinate system with the telescope coordinate system. The objective 
behind this is to get the components of the unit vector t in the 
detector frame. 
In geomagnetic coordinate frame, we apply the first rotation 
around OZ axis through the longitude <j> of observation in the anti-
clockwise direction. This rotation brings the ZX-plane along the 
magnetic meridian at the observation point. The rotation matrix is 
T ' = 
cos <t> s in <j> 0 
s in $ cos * 0 
0 0 1 
(B.9.a) 
In the rotated frame t appears as: 
t' = U' 1 + V j + W' k (B.9.b) 
where 
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U' = U cos d. + V sin 
V = U sin * + V cos 
W' = W (B.9.C) 
In Eq. (B.9.c) if we substitute the values of U and V, it is found 
that U' and V become independent of longitude. This is where the 
longitude term drops out. Thus, the calculated response function will 
be independent of r and <t> in a dipole magnetic field. 
The next rotation is around OY axis in the anti-clockwise sense 
through the polar angle e to bring the OZ axis at the latitude x of 
observation, where 
x = 90o - e (B.9.d) 
The rotation matrix is 
-ii _ 
cos e 0 - sin e 
0 1 0 
sin e 0 cos e 
(B.9.e) 
sin x 0 - cos x 
0 1 0 
cos x 0 sin x 
(B.9.f) 
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This leads to 
t" = U " i + V " j + W " k (B.9.g) 
where, 
U " = U' sin x - W' cos x 
V " = V (B.9.h) 
W " = U' cos x + W' sin x 
The above two rotations leave the OZ axis in the orbital plane, 
ZX aligned with the longitude <t>, and so perpendicular to the 
geomagnetic equator. Further, OZ now points along the local zenith 
direction. 
The third rotation is around the new OZ axis in the clockwise 
sense through such an angle as to align the rotated ZX-plane with the 
satellite orbit. This angle is a function of both the satellite's 
orbital Inclination <|> with the equatorial plane and the geomagnetic 
latitude of observation, x. This angle can be evaluated from 
spherical trigonometry. In Fig. 42, we use the properties of right 
spherical triangles to estimate the required rotation angle n. OPQ is 
right spherical triangle. In the figure, the lower case letters 
represent the angles subtended at the geocenter by the sides they 
designate. The upper case letters represent the angles of the 
triangle on the spherical surface. The angle Q 1s 90°, because it is 






subtends at the geocenter the orbital inclination angle i.e., OQ = *. 
The satellite's orbit is along PO, and PQ 1s part of the equator. 
Angle P is given by the relation 
sin o = tan p cot P (B.9.1) 
where o = PQ = 90° on the grounds that if 0 is the highest point of 
ascension, OQ equally divides the satellite's orbit (assumed circular) 
in the northern half of the globe. The angle P as given by the above 
relation is equal to the angle of orbital inclination. Now, let 0' be 
the point where the satellite is located. O'PQ' is again a right 
spherical triangle. O'Q' is the longitude at the observation point. 
O'Q' is then p. We now use the following relation 
cos P = cos p' sin 0' (B.9.J) 
to obtain angle 0' at the observation point. Here angle 0' = n, the 
angle through which ZX plane has to be rotated in the clockwise 
direction to align with the orbital plane. The rotation matrix for 
this is: 
T' 
and the rotated unit vector is 
cos n • 
sin n 
0 







f " = U'" 1 + V " j + W'" k (B.9.1) 
where 
214 
U'" = U " cos n - V " sin n 
V " = U " sin n + V " cos n (B.9.m) 
and 
W'" = W " . 
If i|> < 90°, then the angle n obtained above is to be applied 
for a satellite travelling toward the north. If the satellite is 
travelling toward the south, then n has to be replaced by 180° - n. 
For <t> > 90°, n = 0' is a negative angle in Eq. (B.9„j), and in that 
case, the above matrix denotes rotation in the anticlockwise direction 
through the angle n for flight direction to the north, and through 
180° - n for flight in the opposite direction. 
After the third rotation, the ZX-plane is aligned with the 
orbital plane, OZ axis points along the local zenith, and YZ plane is 
normal to the orbital plane. 
The last rotation for alignment of coordinate systems is 
through the angle of tilt, 6 = 2.35° in the clockwise sense. The axis 
of the telescope is tilted with the local zenith direction. The 
direction of tilt is to the right of an observer moving in the 
direction of flight. We can think of the situation in this following 
way: The rotated geomagnetic coordinate system has Its OZ axis 
pointing in the vertical direction while it lies 1n the plane of the 
satellite's orbit. The telescope O'Z' axis lies in a plane 
perpendicular to the orbital plane and is inclined in the clockwise 
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direction from the local vertical by 2.35°. The rotation matrix to be 
used is the one for clockwise rotation around OX axis, which is 
- i i i i _ 
1 0 0 
0 cos 6 - sin 6 
0 sin 6 cos 6 
(B.9.n) 
The rotated unit vector is 
t . i n = j i n i t n M = u " " i + V " " j + W " " k (B.9.o) 
where 
U " " = U"' 
V " " = V " cos 6 - W'" sin 6 
W " " = V " sin 6 + W'" cos 6 
(B.9.p) 
B.4. ROTATION TO COVER THE FINITE DETECTOR AREA 
A further rotation associated with translation of t " " is done 
to cover the whole detector area. For this reason the whole detector 
base is divided into a number of equal elemental areas. Fig. 43 
describes the case for Hc = 16 elemental areas, produced by dividing 
the radius Into N = 4 equal parts. This yields the area of the nth 
annular ring as 
2 






r = R/N. 
We divide the nth annular ring into (2n + 1) divisions of equal 
area. We consider the middle point of each section marked by 'x' in 
Fig. 43. The radial coordinate of the middle point in the nth section 
is given by 
(2n + l)r/2 
and the angular coordinate by 
_ (2n' + 1) ,R 1n * 
Y - 2 Yn (B.lO.a) 
where 
vn - s^r (B.lO.b) 
n' = 0 for the first point, and n' = 2n for the last point. If 
Y is the angle through which the unit vector has to be rotated, then 
the final rotated unit tangent vector is obtained from anticlockwise 
vector rotation through Y around the OZ axis. The final rotated unit 
tangent vector is represented by B, with components 
By = U " " cos Y - V " " sin Y 
By = U " " sin Y + V " " cos Y (B.lO.c) 
Bz = V " 
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The way the coverage is carried out is illustrated in Fig. 
43. A translation of the central detector frame is taken along the 
positive X-axis (the maximum displacement being equal to the radius of 
the sensitive base area), a rotation of magnetic field vector (which 
is equivalent to frame rotation in this case) through the appropriate 
angle is done to reach the point detector position. For any 
particular position of the point detector, we rotate the magnetic 
field vector through angle Y where 0 < y < 2-u. The specific angular 
positions of the rotated magnetic vector depend upon the displacement 
of the central detector coordinate frame. Fig. 44 shows how the 
actual positions on the detector are achieved through magnetic field 
rotations. In Fig. 44-a five different positions are marked on the 
detector base. Points (1) and (2) can be reached simply through 
translation of central coordinate frame of the detector. Point (3) 
can be reached by displacement of the frame through OP in the positive 
X direction and rotation of the magnetic field by -180°. Points (4) 
and (5) can be, similarly, reached by the displacement OP and magnetic 
field rotations through -245° and -270°, respectively. 
The tangent unit vector along the magnetic field B is now given 
as a function geomagnetic latitude, longitude, orbital plane 
Inclination with the equatorial plane, direction of flight, and the 
tilt angle of the telescope axis with the local vertical direction. 
If we know the unit vector along the Incident direction of the 
incoming particles, a dot product of the two unit vectors will give 














The total fractional omnidirectional efficiency of the 
telescope for a given pitch angle is the average obtained from the 
cumulative sum of the fractional efficiencies over all the selected 





f = I f./lT (B.lO.f) 
1=1 n 
p 
where the summation extends from i=l to N S since the number of 
p 
elemental areas is N . The quantity f becomes the absolute efficiency 
of the entire detector for the specific pitch angle. This is also the 
probability of detecting the particle of the given pitch angle. 
Physically this gives us the fraction of total particles of the 
specific pitch angle received by the instrument. 
B.5. UNIT VECTOR ALONG INCIDENT DIRECTION AND THE PITCH 
ANGLE EQUATION 
In the calculation, we assume that the magnetic field direction 
at the observation point 1s parallel to the guiding field direction 
with respect to which the pitch angles of trapped particles are 
measured, and that the part of the cyclotron orbit over the height of 
the detector is linear. 
For convenience, contrary to the actual case, incident vectors 
are taken positive along the upward direction. This convention does 
not change the efficiency value at all. The way the coordinates of 
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incident vectors are found are discussed below. 
We project the magnetic vector onto the opening ring of the 
telescope. In Fig. 45, the chord PO'Q represents that projection. 
The angle xi between the positive X axis and PO'Q is given by 
1 Bv 
x = cos"1 ( — 5 — ^ T Y J O ) (B.ll.a) 
(B2 + B 2 ) 1 / 2 
If By is negative then x value has to be subtracted from 360° to get 
the actual x value. When the origin of the coordinate frame is at (a, 
0), the X coordinate is given by 
X = R cos (x') - a (B.U.b) 
where x' is obtained from the law of cosines of the triangle POO', 
formed with the point P of incidence on the telescope opening ring, 
the center 0 of the opening ring, and the projection 0' on the opening 
ring of the point under consideration in the detector base. In 
triangle POO', 
angle PO'O = 180° - x (B.ll.c) 
OP is the radius R of the opening ring. 00' 1s equal to a, the shift 
of origin along the X axis. The length of the chord PQ' 1s obtained 
from 
R2 = PO'2 + a2 - 2 a PO' cos(180o - x) (B.ll.d) 
Knowing the length PO', we can calculate angle POO' which is x'» 









PO'2 = R2 + a2 - 2 a R cos x' (B.ll.e) 
The Y coordinate is given by 
Y = R sin x' (B.ll.f) 
The Z coordinate is the height of the telescope cone. For Pheonix-l, 
Z = H = 1.7336 cm (B.ll.g) 
The unit vector for a point on the opening ring of the telescope is 
found from the X, Y, and Z coordinates. The unit vector for this 
point and the unit magnetic field vector determine the pitch angle of 
the incoming particles. The cosine of the pitch angle is given by 
cosa = B • X' + B • Y' + B • Z' (B.U.h) x y z 
where X', Y', and Z' are the direction cosines of the incident unit 
vector. 
B.6. CALCULATION OF MINIMUM AND MAXIMUM PITCH ANGLES 
For a given configuration of the magnetic field vector, a 
knowledge of the minimum and maximum pitch angles 1s Important to 
define the pitch angle range whose efficiency 1s to be Investigated. 
The minimum and maximum pitch angles of particles which can enter the 











x' M is the angle between the magnetic field vector and the instrument 
Z axis, then the minimum pitch angle is 
• W i n - " " " " I <B-12-a> 
and the maximum pitch angle is 
Here a, and a2 are calculated from lengths CD (which is O'P in Fig. 
45), DA (which is O'Q in Fig. 45) and OD (which is the telescope 
height). The extreme pitch angles can also be calculated from the 
unit magnetic field vector and the unit vectors directed from the apex 
of telescope cone to points P and Q. The extreme pitch angles 
calculated to these two ways give the same results. 
The above expressions of am. and a m = w put some limitation, in r m m max r 
terms of the latitude range, on the validity of this response function 
calculation procedure. The validation depends upon the magnitude of 
the angle x'" between the B field and the Z axis. If x " ' is less 
than a,, then am. = 0°, and 1 m m 
<W = °2 + *'" <B-13-a> 
The maximum value of a, is 
0 2 = 0 2 = 24.11 degrees for a = 0 
The minimum value of a, is 
7° for a = 0.56388 cm 
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The maximum value of o« is then 37.7°. However, within + 30° to - 30° 
geomagnetic latitudes, the minimum value of x'" is 41° (at + 30°) and 
the maximum value of x " ' is 139° (at - 30°). So, the calculated 
efficiency function is valid within ± 30° range of latitude. 
A point needs to be mentioned regarding the precise 
determination of the locations of points of contact of the pitch angle 
cone and the telescope cone to find the minimum and maximum pitch 
angles. The way their positions are determined above are 
approximate. This 1s because the pitch angle cone is always right 
circular whereas the telescope cone is right circular only at the 
central point of the detector; elsewhere it is just a circular cone. 
The intersection of the pitch angle cone and the plane of the opening 
ring of the telescope is a conic section having the projection of the 
magnetic field vector on the opening ring of the telescope as the axis 
of symmetry. Fig. 47 illustrates that for the given B field position, 
our calculation has taken the point P as the point of contact to 
determine the minimum pitch angle cone, whereas it should be P*. To 
get to this point as closely as possible the following operation 1s 
done. If x' 1s steadily increased by a fraction of a degree, it is 
found that the pitch angle first Increases and then decreases. 
The x1 value at the turning point should be used to calculate the more 
precise value of the minimum pitch angle. In the same way the 
position of the maximum pitch angle can be found with better 
precision. Precise determination of the minimum and maximum pitch 
angles are important to define the correct pitch angle range. 
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B.7. ITERATIVE PROCESS TO SOLVE PITCH ANGLE EQUATION 
First, a given pitch angle within the instrumental pitch angle 
range is taken. Then the two points of intersections of the pitch 
angle cone with the telescope cone are found by iteration such that 
the difference between the given pitch angle and the computed pitch 
angle is less than 0.001°. In the iteration process, the two points 
of intersection are sought on either side of the projection of the 
magnetic field vector on the opening ring of the telescope. Fig. 48 
is used to illustrate the iterative process. In the figure, 
angle P'O'P = x 
angle P'OO' = x' 
angle P'OP" = A X' 
and 
angle P'O'P" = Aa . 
Regarding the coordinate frame, XY-plane is the plane of the detector, 
and 0"0' points along the Z-axis. We have not shown Y and Z-axes in 
the figure. 
The Iteration step 1s defined by 
where s, (= 0"P) 1s the slant height of the telescope cone which cuts 
the telescope ring at X • R - a, Y = 0, and Z = 1.7336 cm. The above 
approximate relation 1s obtained from the expressions for elemental 
changes, in x' defined in terms of polar variable r on the opening 




A X ' = Ar/r (B.14.b) 
and, in pitch angle defined in terms of the slant height a of the 
telescope cone 
Aa ~ Afc/fi, (B.14.C) 
In the approximate relation (B.14.a) for Ax, use has been made of the 
least value of 
a = (H2 + (R-a) 2) 1 / 2 (B.14.d) 
and the largest value of 
r = R + a. 
r may also be given the constant value R. This keeps Ax as small as 
possible and makes Aa slowly converge toward zero. Each time Ax 1s 
added to x. X and Y coordinates are determined. Unit vector along the 
incident direction is calculated from X, Y, and Z coordinates. A dot 
product of this vector with the unit B vector gives the pitch angle 
for the point under consideration. Then Aa is calculated, and the 
above operations are repeated until Ao falls lower than 0.001. The 
whole operation 1s repeated on the other side of the B vector 
position, and the second point of intersection 1s found for the pitch 
angle under consideration. 
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B.8. RESPONSE FUNCTION CALCULATION IN PITCH ANGLE FRAME 
So far, we have found the minimum and maximum pitch angles for 
a representative point on the detector base, and also found the points 
of intersection of a given pitch angle cone with the telescope cone. 
Now we turn to the question of calculating the response function. We 
shall carry out this calculation in the pitch angle frame which 1s set 
up such that B points along the Z' axis; X' axis is perpendicular to B 
and lies in the plane of B and the telescope axis, the Y' axis is 
chosen to make the system right-handed (F1g. 49). In the pitch angle 
frame, the telescope axis makes the polar angle e' and always lies in 
the Z'X' plane of the pitch angle frame so that the azimuth angle is 
zero. Further, in the pitch angle frame, the direction of any 
incident particle is specified by the polar angle a and an azimuth 
angle e" measured from the Z'ZX' plane, positive on one side of 
ii ii 
it (6i) and negative on the other side (e2). 
The coordinates of the points of Intersection of the pitch 
angle cone and the telescope cone are found in the telescope frame. 
The components of the vectors directed along the points of 
intersection (OC and OO) and the one directed along OF, are 
transformed in the pitch angle frame, by the application of the 
following two rotations. 
1. Rotation around telescope Z-axis counterclockwise through 
the angle x that the projection of B in the telescope XY 
plane makes with telescope ZX plane. 











The product matrix is 
cos x' " cos x 
-sin x 
-cos x sin x 
cos x' " sin x sin x''' 
cos x 0 
''' -sin x sin x''' cos x''' 
(B.15.a) 
From unit vectors directed along OA, OC, OD, and OF in the 
II II 
pitch angle frame, we can find the angles 0, and 0 2 . We first form 
the cross product of unit vectors directed along OA and OC, and then 
of the unit vectors directed along OA and OF. The dot product of 
II 
these two cross products yields the angle s2. Similarly, the 
angle 0, is found from the vector products of vectors directed along 
(OA, OF) and (OA.OB). We can now evaluate (B.7). 
a2(dA) 
G = J da J dw J dA • r (w) sin^a 
a.(dA) dn A 
a2<dA> 6max<a» dA' x,,,) 
J* sin^a da J sin a de" / dA«?(w) 
al<dA> 6min(a* dA» X , M ) A 
(B.15.b) 
The incident vector in the pitch angle frame is given by 
r = sin a cos 0" i + sin a sin 0" j + cos a k (B.15.C) 
The vector components along dA in the pitch angle frame are given by 
dA = sin x'" 1 + 0 j + cos x'" k (B.15.d) 
The integral 
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/ dA-r (w) = J dA (sin a cos 0" sin x"' + cos a cos x'") 
n 
» z AA. (sin a .cos eS sin x" ' + cos a. cos x"') 
i=l 1 ! ! 1 
The whole angular integration is then 
•2(dA) B ^ C . * , . , " ' ) 
J sinqa da / 
^(dA) 6min(°' d Ai' x"^ 
n 
• z AA.(sin a. cos 0" sin x'" • cos a. cos x'") 
i=l 1 1 1 
0" (a, .,dA.,x'") pmaxv 1j* i,A ' 
AA, J 
j=l J 1=1 
--— 'J m n 
= Z Sifl (a.) Aa- Z , f d0"(sin a., COS0" sinx"' + 
-• 1 J 4_1 1 'J 
0". (a. -,dA.,x' " ) pminv ij* i'* ' 
+ sin a., cos a., cos x"') 
a2"al where Aa = —-— is in radian units m 
m n AA, 9 
A - ^ s i n V . ) Aa . ^ — [ s i n a . , sin x ' " ( s i n 0 ^ - s i n 0min) 
+ sin a . , cos a . , cos x ' " l (B.15.e) 
' J ' J 
m 
= A • Z F(a,) Aa f (a . ) (B.15.f) 
j=l J J 
where 
f ( a j ' " fe A T l l s 1 n 2 "1J S1" x ' " ( S l n ""»* " S1" "filn' 
+ sin a^. cos a^. cos x ' " ] (B.15.g) 
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is the efficiency for a. applied to the whole detector. 
J 
==> G = AF (B.15.h) 
where 
m 
F = Z F(a.) f(a.) Aa (B.15.i) 
j=l J J 
F can be evaluated by the simple trapezoid rule. It has the unit of 
steradian. The detector count rate is then given by 
R = AF Jn - Q (B.15.J) 
Normalization Constant Jn. 
The normalization constant can be calculated from (B.15.j) and 




At the equator x = 0 and B « •=« . Since the range of L in the 
LJ 
altitude range (300 to 450 km) under consideration 1s very small, the 
variation of Jn for B and L range 1s small. The dependence of Jn upon 
the longitude <t> is also Insignificant at the equator. So the 
variation of Jn 1s with q and time t. Taking several values of q we 
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can study the variation of Jn with time t. Since Jn is representative 
of the particle population, comparison of Jn's for different epochs is 
basically a comparison of the particle population at two different 
epochs. 
B.9. ACCURACY OF THE SOLUTION OF PITCH ANGLE EQUATION 
A check was made to see if the two points of intersection 
satisfy both the pitch angle and the telescope cone equations. For 
this purpose the following equation for the telescope cone is deduced 
for the cone apex at (a, 0, 0): 
(X + H tan Y l )
2 + Y2 = H2(tan(Yl + Y 2) - tan Y l )
2 (B.16.a) 
In Fig. 48, 0"0' is the cone axis angle 0'0"0 = Y 2 and angle 
0 0 " P ' " = Y r This can be simplified to 
X2 + Y 2 + 2 aX - 2(R + a)(R - a) = 0 (B.16.b) 
where 1n the figure, a = 0 0' (= 0 ' " 0 " ) , the distance from the 
central point of the detector to the telescope cone, and OP = R, the 
radius of the opening ring. 
The pitch angle cone equation is written with the magnetic 
field vector as the axis. Later, through transformation of 
coordinates, the equation 1s obtained in the telescope cone coordinate 
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system. The transformation equations used are given below. The 
equation of the pitch angle cone with axis along the magnetic field 
direction is 
Y " 2 + Z " 2 = X " 2 tan2a (B.16.c) 
where a is the given pitch angle. The first rotation done is a 
clockwise vector rotation around the OZ-axis through x deduced by Eq. 
(B.ll.a). 
X' = X cosx + Y sinx 
Y' = -X sinx + Y cosx (B.16.d) 
Z' = Z 
The next vector rotation is around OY' axis through angle 
x'' = 90° - x'". the angle between vector B and k 1n the 
anticlockwise direction. The rotation yields the following set of 
equations. 
X " • X' cos x" + Z' sin x" 
Y " = Y' (B.16.e) 
Z " = -X' sin x" + Z' cos x" 
Eqs. (B.16.C), (B.16.d), and (B.16.e) define the pitch angle cone in 
the telescope cone frame. 
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Substitution of the coordinates of the two points of 
intersection found by iteration satisfies the telescope cone equation 
exactly. However, the pitch angle cone equations yield a value of 
~ 1 x 10'4 for pitch angles which are not equal to 90°. For 90° pitch 
2 fi 
angles, x1' yields ~ 1 x 10"° The accuracy of the solution depends 
upon the condition that the difference between the given and computer 
pitch angles should be less than 0.001°. 
B.10. COMPARISON OF NUMERICAL AND ANALYTICAL RESULTS 
To check if the computation code is working correctly, several 
tests were carried out for efficiencies of both the point and the 
whole detector for 90° pitch angle with magnetic field configuration 
in the plane of the detector. This is because analytical tests can be 
done only for 90° pitch angles. The situations in which checks were 
made correspond to x = 0°, * = 90°, and 6 = 0°. 
Fractional efficiency for 90° pitch angle particles 1s easily 
checked for the central point of the detector to be equal to the space 
angle intercepted by the diameter of the telescope opening ring at the 
detector point, multiplied by the fractional area represented by that 
point and exposed normal to the particles of pitch angle 90°. The 
calculated and computed values of response function show no difference 
for this particular point. The response function calculation for the 
same pitch angle was done at two other points (0.28194, 0.0) and 
(0.46990, 0.0) on the detector, where the radius vector was divided 
into 3 equal parts producing 9 equal elementary areas. No differences 
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were found between the computed and analytically calculated 
results. 
Let us check it for some off-center point, say a = 0.28194 cm 
and the point makes an angle of 60° with the X-axis. Fig. 50 
illustrates this case. The figure shows the plane of the opening ring 
of the telescope. The projection of the desired point on the detector 
is marked by 0 " upon the opening ring. Then 0 0 " is 0.28194 cm and 
angle O'O" is 60°. Initially, let the B field be directed along the 
positive X axis. Then for 90° pitch angle particle, the space angle 
subtended by the chord P"Q' at the apex of the telescope cone gives 
the intercepted portion of the pitch angle cone. We make the point 0' 
equivalent to the point 0'' by taking 00' = 0.28194 cm and rotating 
the B field through -60°. The projection of 0' on the detector base 
is the apex of the telescope cone. Now we need to determine the angle 
subtended by the chord P'Q at the apex of the cone. By using the law 
of cosines of a triangle, it is found that 
O'P' = 0.51892 cm 
and 
O'Q • 1.00725 cm. 
The angles subtended by the chords O'Q and O'P' at the apex of this 
cone are 
0mav




And the response function efficiency is 0.7891. The computed value of 
fractional efficiency is also the same. Table XIII below lists the 
values of preceding calculations. 
Table XIII 
Efficiency 
Point Detector Rotation of (Unweighted by 
Position B Field fractional area and 2*) 
(cm) (deg.) Computed Calculated 
(0.0, 0.0) 0.0 0.8171 0.8171 
(0.2819, 0.0) 0.0 0.7698 0.7698 
(0.4699, 0.0) 0.0 0.6711 0.6711 
(0.2819, 0.0) 60.0 0.7891 0.7891 
In a similar way, the resonse function for 90° pitch angle 
particles for any other positions of point detector can be calculated. 
B. 11. TEST FOR WHOLE DETECTOR RESPONSE FUNCTION 
For the whole detector, the response function for 90° pitch 
angle particles has been computed. The same value has been calculated 
analytically (numerically integrated by Simson's rule) and also 
computed for randomly generated points on the detector base. The 
details of the calculations are shown below. 
242 
With reference to Fig. 51, we have taken a point P on the 
detector base at polar coordinates r, e, where the origin of the 
coordinate system is at the center 0 of the sensitive base of radius 
R' = 0.56388 cm. Since the efficiency for aQ = 90° will not depend on 
the orientation of the magnetic field B, let us take the B field along 
the positive X axis, for convenience of calculation. P' is just above 
P in the plane of the circular face of the telescope. The radius of 
the opening face R = 0.776 cm, and the height of the face H = 0.7336 
cm. For the given direction of the magnetic field Q Q' represents the 
chord on which incident particles can have pitch angle of 90° and can 
reach the point P. To find the angle Q P Q' we shall use dot product 
— > — > 
of vectors PQ and PQ'. Since, for the given geometry, the two limits 
of 0" are equal, we take half of angle QPQ' for the limits of 0". 
In vector notation, 
OP = r cos e i + r sin e j (B.17.a) 
0Q*= r cos e i + (R2 - r 2cos 2e) 1 / 2 - r sin e) j + H k (B.17.b) 
0Qt = r cos e i - (R2 - r 2cos 2e) 1 / 2 + r sin e j) + H k (B.17.c) 
PQ*= OQ"- 0P*= (R2 - r 2cos 2e) 1 / 2 - 2 r sin e) j + H k (B.17.d) 
PQ* = 0Q+ - 0P*= (-(R2 - r 2cos 2e) 1 / 2 - 2r sin e) j + H k (B.17.e) 
PQ*. PQf = 4 r2sin2e - (R
2 - r2cos2e) + H2 











|PQt |PQf| = [R2-r2 cos2e + 4r2 sin2e-4rsin e(R2-r2cos2e^ + H2]*5 
• [R2-r2cos2e + 4r 2s in 2 e + 4rsin e (R
2-r2 cos^)*5 + H2]1* 
B.17.g) 
= [R2 + H2 - r2 + 5r2sin2e)2 - 16Y
2sin2e (R2 - r2 cos2e)]Js . 
(B.17.h) 
The fractional efficiency for pitch angle of 90° for the given 
geometry is 
2n R' --•+ --•* 
f = J J 2 sin (cos ( 'Q Q ) de r dr (B.17.1) 
0 0 |PQT |PQT| 
B. 12. COMPARISON OF RESULTS 
The integral has been evaluated numerically using Simson's 
method of even number of divisions for 360 divisions in the whole 
range of e and 100 divisions of the detector radius R'. Further, the 
response function efficiency has been calculated and averaged over 
10,000 and 1,000,000 randomly generated points on the detector 
surface. The computational value 1s obtained from dividing the base 
radius into 10 equal parts, and thus dividing the entire detector base 
Into 100 equal elemental areas. Later, the number of points has been 
Increased to 10,000 dividing the radius into 100 equal parts. No 
change in the efficiency has been noticed for the increased number of 
points. Table XIV below lists the efficiency values as calculated 
above. 
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Simson's method of numerical integration gives a 3.9% smaller 
result. There are several sources of errors in the double 
integration. When the outer integration is performed, the errors for 
each of the inner integrals will accumulate. Additionally, there are 
inherent errors due to the outer integration itself. Further, over 
Table XIV 
Method of Calculation Response Function 
Computed 0.74574 
Simson's Method 0.71666 
Averaged over 10,000 0.74794 
randomly generated 
points 
Averaged over 1,000,000 0.74791 
randomly generated 
points 
36,000 evaluations of the function, there is considerable roundoff 
error. 
Although the analytical check has not been done for other pitch 
angles, this single test plus the fact that points of intersection of 
the two cones satisfy simultaneously the two cone equations within the 
desired accuracy indicates that the above method of response function 
calculation is quite reliable. 
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B. 13. VARIATION OF RESPONSE FUNCTION WITH DIFFERENT PARAMETERS 
Response function has been studied as a function of pitch 
angle, latitude, the tilt angle of the telescope axis, angle of 
orbital inclination, and the direction of flight. It has been found 
that the response function depends strongly on pitch angle and 
latitude, and to a lesser extent on the tilt angle of the telescope 
axis and the orbital inclination. It does not depend on the direction 
of flight. Unnormalized resonse function (not divided by 2TT) has been 
plotted as a function of different parameters in the following 
sections. 
B. 13.a. DEPENDENCE ON LATITUDE AND PITCH ANGLE 
Let us first look at how efficiency varies with the pitch angle 
and latitude. 
Because of the change of Inclination of magnetic field lines 
with the horizontal direction, there is a change 1n the pitch angle of 
particles detected at different latitude points. The field 
inclination angle is Included in x"'. the angle between the magnetic 
field direction and the Z-ax1s. Fig. 52 shows x'" vs. latitude, 
x'" 1s higher at negative latitude and lower at positive latitudes. 
At any latitude point, particles over a range of pitch angles are 
observed, the range and the pitch angle corresponding to maximum 
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plot of efficiency vs. local pitch angle at 10°, 5°, 0°, -5°, and -10° 
latitudes. The efficiency curves, for a satellite of orbital 
inclination 90°, show that at 0° latitude the maximum efficiency 
occurs at 90° pitch angle. Other than at 0° latitude, the curves are 
asymmetric about their peaks. This is simply because on either side 
of the diameter of the opening ring of the telescope, the intersection 
points of the two cones subtend different space angles around the 
magnetic field line. If the intersecting points lie between the field 
line and the diameter, larger space angles and larger efficiency are 
obtained than if the points lie on the other half of the opening 
ring. The steeper sides of these curves correspond to intersection 
points lying between the magnetic field and the diameter of the 
ring. With reference to Fig. 46, it can be stated as the points of 
intersection on DC yields larger angles of interception than the 
points of intersection on DA. 
The changes in the minimum and maximum pitch angles, and in the 
pitch angle of maximum efficiency with latitude are introduced by the 
changes in inclination I, or in other words by the changes in x'". 
For example, if the latitude shift is 5°, then the shifts in those 
three pitch angles occur by - 9°. For small values of x, the shifts 
are almost double in the pitch angles. 
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B.13.b. DEPENDENCE ON TILT ANGLE 
The variation of efficiency as a function of tilt angle appears 
both in Fig. 53 and 54. The central part of Fig. 53 shows three close 
curves. The curve for orbital inclination of 110° and tilt angles of 
2.35° and 5° drawn for 0° latitude show that tilts of 2.35° and 5° 
displace the efficiency curves to the right. This is because of 
different x'". For tilts of 0°, 2.35°, and 5°, x'" values are 
90.00°, 90.80° and 91.71°. This results in shifts of extremum pitch 
angles by 0.80 and 1.71 degrees for tilts of 2.35 and 5 degrees, and 
so do the other angles. The shifts of extrema positions are obvious 
from the relations (B.12.a) and (B.12.b). Further, Fig. 54 shows the 
efficiency variation for mirroring particles, introduced by the angle 
of tilt. The displacements of the curves with increase in 6 can be 
explained as above. Finally, one obvious point for efficiency at 0° 
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B.13.C DEPENDENCE ON ORBITAL INCLINATION 
The orbital inclination doer- have scrss effect in influencing 
efficiency. Because of tilt angle, the instrument finds different 
magnetic field configurations at the same point in space at different 
orbital plane inclinations. Fig. 55 has been drawn for two extreme 
cases — 4> = 80° and n> = 120°. The peak efficiency for i|> = 80 is 
greater than the peak efficiency for ty = 120° by 0.3%. Further, the 
curve for 4» = 120° is displaced by ~ 1.6° which is the same as the 
difference in x'" angle (for i|> = 80°, x " ' = 79.67°, for 4» = 
120°, x'" = 81.26). Finally, if & = 0, x'" is the same for all 
orbital inclinations, and so should be the efficiency. But, in the 
calculation presented here, there is a difference of ~ 0.5% in the 
efficiency values for ~ 40% of the pitch angles lying off the central 
part the pitch angle range, for the two cases of * = 80° and 41 = 120°. 
During the investigation it was found that the discrepancy results 
from missing some pitch angles by less than approximately quarter of a 
degree. The central part of the pitch angle range is characterized by 
nonzero efficiency values at all the points into which the detector 
base is divided. The reason that the discrepancy lies at the off-
center part of the pitch angle range 1s non-exact determination of the 
extremum pitch angles. At certain points on the detector base, some 
pitch angles might have been slipped off the range in the inexact 
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Fig. 56 shows the variation of efficiency of mirroring 
particles for 4. = 90° and i|> = 110°. Both the curves have been drawn 
for 6 = 2.35°. The effect inclination, I believe is obvious in the 
two curves. 
B.13.d. DEPENDENCE ON DIRECTION OF FLIGHT 
The direction of flight appears in the rotation of the 
geomagnetic coordinate frame. But, it is not found to influence the 
efficiency value at all. Whether the flight is directed to the north 
or to the south, it is found that angle x , M remains the same for 
given values of x, i|>, and 6, in which case efficiency should not 
change. However, the effect related to inexact determination of 
minimum and maximum pitch angles discussed in the preceding section is 
observed. 
B.14. EFFICIENCY FOR AZUR TELESCOPE 
The calculation of the efficiency of the telescope used in the 
German Research Satellite Azur 1s a bit easier. This is because we do 
not have to align the geomagnetic coordinate system with the telescope 
coordinate system. The angle between the telescope axis and the local 
magnetic field vector is specified. Giving different values to this 
angle, we can calculate the efficiency of the Azur telescope. Azur 
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telescope was normal to magnetic field at the equator to within ±5°. 
That is the telescope axis made up to 85° to 95° angles with the 
magnetic field. For this telescope, the efficiency function was 
calculated for x " ' = 85° to 95°, and then was averaged for each 
angle. Fig. 57 shows the efficiency of Azur and our monitor telescopes 
at the dipole equator. 
B. 15. EFFICIENCY IN THE REAL GEOMAGNETIC FIELD 
Dipole representation of the Earth's magnetic field is a very 
crude approximation. The off-centered dipole model is a better 
representation than dipole model. And consideration of the real 
geomagnetic field model would be the best one. The minimum B equator 
in the real geomagnetic field is the equivalent of the geomagnetic 
equator in the dipole field. We need to check if the instrumental 
efficiency varies the same way in the real geomagnetic field as it 
varies in the dipole field. For this purpose we have calculated the 
deviation of the pitch angle for maximum efficiency at the minimum B -
equator from the pitch angle for maximum efficiency in the dipole 
field, under the same orbital parameters. We have further checked the 
variation in the occurences of pitch angles of maximum efficiency with 
latitude of a given longitude in the real field model. 
The International Geomagnetic Reference Field of 1975 (IGRF 
1975) was used for the year 1982. In a period of seven years, the 
geomagnetic field variation would be negligibly small. The geographic 
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converted to geomagnetic coordinates (since we are dealing in this 
coordinate system). The program BLMAP gave the spherical components, 
Br, B , B in the geocentric geographic coordinates. The spherical 
vector components were converted to cartesian vector components in the 
geocentric frame. Through transformation of coordinates, the 
cartesian components in the geocentric geomagnetic coordinates were 
obtained. Thus, in the geomagnetic coordinate frame, the cartesian 
vector components at the minimum B-equator, were obtained. The unit 
tangent vector was then determined from the cartesian components. 
Table XV below lists at 250 km altitude the coordinates of the 
minimum magnetic field line, the value of L, the pitch angle at the 
maximum efficiency o ., the minimum and maximum pitch 
angles o„. and am,w at which the efficiency drops to zero, and the 
3 m m max J r ' 
magnitude of the deviation & of the pitch angle for maximum 
apeak 
efficiency from 90°. It is seen that the average pitch angle for 
maximum efficiency is ~ 92°. Thus the peak-to-peak superposition of 
passes were virtually superposition of passes at the minimum magnetic 
field positions where the efficiency is maximum. The small difference 
between the pitch angles at maximum efficiency in the dipole field and 
1n the real field can be ignored and the efficiency function 1n the 
dipole field at the geomagnetic equator can be used for the real 
geomagnetic field at the minimum magnetic field locations. 
Table XV 
259 
GMGLON GMGLAT L in Re c« a. amin « „ 6 






























































































































































































































































To see if we can use the efficiency function for dipolar field 
at off-equatorial points, we have calculated the efficiency function 
for the real geomagnetic field at ±10°, and ±5° geomagnetic latitudes 
away from the geomagnetic latitudes of the minimum magnetic field 
strength positions for several longitudes. Figure 58 shows five 
curves marked by 1, 2, 3, 4, and 5, all of which are at H = 250 
km, i|> = 90°, 6 = 2.35°, and <t> = 270.44°. The curves 1, 2, 3, 4, and 5 
are at 10°, 5°, 0°, -5°, and -10° away from the B m i n latitude of 
1.62°. In the figure, we note that at negative latitudes the peak 
efficiency is insignificantly higher than that at positive 
latitudes. A further point to note is that likewise in the dipole 
field, the pitch angle for the maximum efficiency shifts by ~ 9° for a 
five degree shift in latitudes. 
Since the location of the points of minimum magnetic field 
strength is a function of both geomagnetic latitudes and longitudes, 
we expect to have the longitude dependence of efficiency function in 
the real geomagnetic field. We have selected three longitude values 
to cover pitch angles lying on either side of, and Including 90°. 
F1g. 59, which illustrates the longitude dependence of the efficiency 
function, shows 9 curves viz., la, 2a, 3a, 2b, 3b, lc, 2c, and 3c. 
All these curves are at H = 250 km, * = 90° and 6 = 2.35°. The lb, 
2b, and 3b curves are at B m i n latitudes which are 5.29°, 1.62°, and 
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0.85°, respectively. The la, 2a, and 3a curves are +10° in latitude 
away from the B m i n positions of lb, 2b, and 3b curves, respectively. 
And the 1c, 2c, and 3c curves are respectively -10° away from the B m i n 
latitudes of lb, 2b, and 3b curves. The longitude of la, lb, and lc 
curve is 101.98°; 2a, 2b, and 2c curves 1s 270.44° and 3a, 3b, 3c 
curves 1s 230.08°. The b-curves, although at different longitudes, 
have the same peak efficiency, but at different pitch angles, viz., lb 
peaks at 85° pitch angles, 2b peaks at 90°, and 3b at 97°. The 
Important points about the figure are given in Table XVI. We find 
that the variation in a k is more pronounced than the variation 1n 
fmax. Further, there is less than 4% variation between fmax for 
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observation points equidistant in latitude from the minimum B-position 
and at different longitudes. 
As to the longitude variation of efficiency for mirroring 
particles, we find from Fig. 60 that the efficiencies for mirroring 
particles differ insignificantly at different longitudes of 
observation, but very strongly as in a dipole field with the latitude 
of observations. Fig. 60 shows three curves marked by 1 (broken 
line), 2 (solid line), and 3 (dotted line), all of which refer to H = 
250 km, «|> = 90°, 6 = 2.35°, and a = 90°. Further, the curves 1, 2, 
and 3 correspond, in order, to 270.44°, 230.08°, and 101.98° 
longitudes, at which the B m i n positions occur at 1.62°, 0.85°, and 
5.29° latitudes, respectively. Since the three B m i n positions (both 
latitudes and longitudes) selected are such that the peak efficiency 
occurs at pitch angles of 82°, 90°, and 97° (i.e., extreme cases 
considered) it is expected that the efficiencies of mirroring 
particles are almost independent of longitude. 
Dependence of efficiency on orbital inclination and on tilt 
angle of the telescope axis is similar to that found for the dipole 
field. Over a 500 km altitude change, the pitch angle curves shift 
by ~ 2 degrees. No separate curves have been drawn to demonstrate 
these little effects. 
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B. 16. CONCLUSION 
In the dipole model the efficiency of the monitor detector for 
detecting particles depends on the pitch angle of the particles, the 
latitude of observation, the orbital inclination of the satellite and 
on the tilt angle of the telescope axis with the local vertical. 
Because of the tilt angle, the efficiency depends on the orbital 
Inclination. The pitch angle of maximum efficiency depends on the 
latitude of observation. Further, the efficiency is independent of 
the longitude and the direction of flight in a dipole field. 
The efficiency at the minimum magnetic field positions differs 
slightly from that at the dipole equator. Unlike the dipole field, in 
the real field there is marked variation in the efficiency as a 
function of latitude and slightly as a function of longitude, away 
from the B m i n position. However, similar variations are found due to 
orbital inclination and the tilt angle of the telescope axis. 
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